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Due to the ever increasing pollution of water bodies, there is a 
growing demand for robust and cost effective monitoring strategies. In 
addition to the routine analytical techniques, biomarkers are being 
increasingly used for the detection of aquatic pollution (Fernandes et ai., 
2002; Ferrat et al., 2003). Biomarkers have the advantage that they can 
predict a change much before it occurs at higher levels of biological 
organization (Jimenez and Stegeman, 1990). 
The work presented in this thesis was carried out to study the utility 
of the different enzymatic and non enzymatic parameters of Allium cepa as 
potential biomarkers of water pollution. Allium cepa system was selected 
since the Allium cepa test is a cost effective toxicity bioassay routinely used 
in water monitoring studies (Fiskesjo, 1985; Rank and Nielsen, 1994). It was 
thought that the efficacy of this test would increase greatly if enzymatic 
studies are carried out in the same onion bulbs used in the toxicity bioassay. 
Moreover, the Allium cepa test can also be used to study the genotoxicity of 
a particular sample. 
The heavy metals and pesticides are considered to be the major water 
pollutants present in India (Malik and Ahmad, 1995; Datta, 1999; Singh et 
al., 2005a. 2005b). Test water samples were collected from the industrial 
areas of Aligarh and Ghaziabad cities of Northern. India. These samples 
were especially found to contain heavy metals and pesticides. 
The genotoxicity/ mutagenicity of the test water samples was studied 
using the E.coli K12 survival assay, the Ames plate incorporation test, the 
.•\mes fluctuation test, the Allium cepa test and the plasmid nicking assay. 
Moreover, the role of various ROS in the waste water induced DNA damage 
was also studied. This was done with the aim of identifying the genotoxic 
biomarkers of water pollution. 
Immunoassays were developed for the detection of pesticide and 
metal pollution in the test water samples. The sensitivities of these assays 
were compared with that of HPLC. Moreover, the validity of the 
metallothionein like proteins of Allium cepa as a biomarker of heavy metal 
pollution was also studied. 
The significant findings along with their possible explanations are 
summarized as under: 
(I) Antioxidant enzymes of Allium cepa as biomarkers for the detection 
of toxic heavy metals 
1. GST activity in Allium cepa showed induction at lower Hg''"^  
concentrations, making it a good biomarker for the detection of 
low levels of this metal. 
2. SOD can serve as an appropriate biomarker of general heavy metal 
stress as it exhibited significant induction after treatment with all 
the test metals. Other enzymes like APX, GPX, GR and MDHAR 
can also serve as sensitive biomarkers of water pollution. 
3. The increase in the activities of all the test antioxidant enzymes 
was at the level of synthesis. 
4. All the test enzymes displaying variation in the activities 
consequent upon exposure to metals are synthesized in the 
cytosoiic compartment of the cell. 
These findings suggest that the Allium cepa system can be 
successfully used for monitoring the changes in antioxidant 
enzymes as a result of heavy metal exposure 
{II) Allium cepa derived EROD as a biomarker of pesticide pollution in water 
1. EROD in Allium cepa showed remarkable induction upon exposure 
to all the test pesticides. 
2. Heavy metals, contrary to pesticides led to inhibition in the EROD 
activity. 
3. In complex mixtures, the induction of EROD brought about by 
pesticides could be neutralized by the inhibitory effect of heavy 
metal contamination. 
4. EROD in Allium cepa is proposed to be induced via a ligand 
independent mechanism probably involving a mechanism other 
than that of classical high affinity AhR ligands. 
5. Allium cepa EROD is an inducible enzyme that is synthesized in 
the cell cytosol. 
6. The wide range between the basal and induced EROD activity 
makes it a suitable biomarker for monitoring pesticide pollution. 
Allium cepa EROD was activated in a ligand independent manner 
by the test pesticides, thus it could be a very good biomarker of 
their presence. 
(Ill) Role of SOS repair and ROS in the waste water induced DNA damage 
1. The recAuvrA double mutant as well recA. uvrA, \exA and polA 
mutants of E.coli were highly sensitive towards the test samples as 
compared to their isogenic wild type strains. 
2. polA mutant was comparatively more sensitive towards AWW 
while the uvrA and lexA mutants were more sensitive towards 
GWW, than with AWW. 
3. A decrease in the sensitivity odhe polA mutant towards AWW was 
observed in the presence of mannitol suggesting the generation of 
the hydroxyl radical by this test sample. 
4. The sensitivity of the uvrA and lexA mutants towards GWW 
exhibited a sharp decline in the presence of SOD, thereby 
indicating the active role of superoxide radical in the GWW 
induced DNA damage as well as the involvement of uvrA^ and/or 
lexA'' mediated repair in superoxide induced lesions. 
5. There was an obvious trilateral link between pesticides, superoxide 
radical and SOS repair. 
6. The plasmid nicking assay was also quite effective in detecting 
and differentiating the genotoxicity of the test samples. 
The above findings strongly support for the active role of SOS 
repair and ROS in the DNA damage induced by the test water 
samples. 
(IV) Mutagenicity testing by Ames plate test, Ames fluctuation test aiid 
tiie Allium cepa test 
1. Both the test water samples were found to be highly mutagenic in 
the Ames plate as well as the fluctuation test. 
2. The Ames tests per se were not able to differentiate the two test 
samples qualitatively. 
3. The coupling of the Ames testing systems to ROS scavengers 
provided a better picture of the chemical composition of the test 
samples. While hydroxyl radical was the major ROS produced by 
AWW, superoxide radical was the main species generated by 
GWW. 
4. TA102 was found to be the most sensitive Ames strain towards 
both the samples in the presence of S9 while TA104 was the most 
responsive strain in the absence of metabolic activation. 
5. Both the test water samples exhibited increased mutagenicity upon 
metabolic activation. 
6. Both the test samples induced a mitodepressive effect in the root 
cells of Allium cepa, though the intensity of depression was quite 
different. 
7. Fragmentation of chromosomes was the predominant effect of 
AWW while GWW led to the stickiness of chromosomes to a large 
extent. 
(V) Monitoring of pesticide and metal pollution in water samples 
employing; Immunoassays 
1. The competitive ELISA developed for BHC and malathion were 
able to detect ppb levels of these residues in the test vvater samples 
and the results were comparable with HPLC. 
2. The immunoassay for BHC was class specific while that for 
malathion was compound specific. 
3. The LDD and IC50 for the malathion ELISA were very low, 
making it a very reliable method for monitoring of malathion 
pollution. 
4. The competitive ELISA developed for the MT-LP in Allium cepa 
was able to quantify MT-LP levels in A.cepa exposed to different 
test metals, waste water and metal mixture. 
5. MT-LP exhibited significant induction upon exposure to Hg^^, thus 
it could act as a sensitive biomarker for this metal. 
6. MT-LP from Allium cepa is a low molecular weight protein having 
a molecular weight of 9.7 kDa. 
All these studies clearly suggest the presence of heavy metals and 
pesticides in the test water samples which was analytically confirmed by 
AAS and HPLC. The samples were highly genotoxic and could induce 
mutations in the exposed organisms. Moreover, the role of ROS in the waste 
water induced DNA damage is quite obvious. The antioxidant/ detoxification 
enzymes of Allium cepa showed significant induction upon exposure to these 
toxicants. Therefore, these enzymes would act as suitable biomarkers for the 
presence of these pollutants. 
Based on the various findings obtained in this study, it is quite 
evident that biomarker studies in Allium cepa are very useful in assessing 
the impact of various environmental pollutants. They can complement well 
established analytical techniques and at the same time provide valuable 
information about the effects of toxicants on the living organisms. 
The various biomarkers that could be utilized for the effsclive 
monitoring of heavy metal and pesticide pollution in water samples are: 
(i) Allium cepa GST can be utilized as a biomarker of mercury 
pollution. 
(ii) SOD can also be used as a marker of general heavy metal ctress. 
(iii) EROD activity analysis may be successfully used ^or the 
detection of the test pesticides in the water samples especially in 
the absence of any inhibitors like heavy metals. 
(iv) Ames testing in the presence of different ROS scavengers can 
provide valuable clues about the chemical composition of a 
particular sample. 
(v) The typical pattern of response of the various E.coli K12 strains 
towards a sample may be an indication of the presence of a 
particular pollutant e.g. the higher sensitivity oi \\\Q polA mutant 
can be a biomarker of the presence of heavy metals while uvrA 
and lexA mutants exhibit higher sensitivity towards pesticides. 
(vi) The generation of different ROS may also be utilized as an 
indicator of a particular contaminant. As far as the typical Indian 
surface waters are concerned, hydroxyl radical generation is an 
indicator of heavy metal pollution and superoxide radical can be 
a marker of pesticide contamination. 
(vii) Allium cepa MT-LP can also serve as a sensitive biomarker of 
heavy metal pollution. 
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PREFACE 
Water pollution is one of the key environmental problems faced by 
the world today. One way of addressing this menace is to develop simple, 
specific and sensitive monitoring regimes. 
In addition to the routine analytical techniques like HPLC. GC and 
AAS there is a growing demand for studying the effect of water pollutants 
on biota. These studies provide an insight into the happenings at the gross 
biochemical level. Biomarker utilization in monitoring programmes is 
increasingly becoming common. In contrast to simple measurements of 
contaminants, biomarkers can offer more and biologically relevant 
information on the potential impact of toxic pollutants on the health of 
organisms. They can be used as early warning signals for general or 
particular stress. 
Heavy mietals and pesticides are the major water pollutants found in 
India. This study was conducted with an aim to develop simple and cost 
effective biomarkers for the detection of such type of pollution. For this 
purpose, various systems like the Allium cepa toxicity bioassay and several 
genotoxicity tests were employed. 
In the first chapter of the thesis, a comprehensive review of literature 
has been presented on the use of various enzymatic and genotoxic 
biomarkers used for the evaluation of water quality. 
The second chapter describes the general materials and methods like 
composition of media, buffers and incubation mixtures, bacterial strains and 
the protocol for the standard Allium cepa bioassay. 
The third chapter deals with the suitability of antioxidant 
/detoxification enzymes of Allium cepa as biomarkers of heavy metal 
pollution. 
Allium cepa EROD as a potential biomarker of certain pesticides has 
been highlighted in the fourth chapter. 
vni 
The fifth chapter incorporates the data of the genotoxicity evaluation 
of the test water samples employing the SOS defective E.coli K12 strains 
and the plasmid nicking assay. 
Sixth chapter embodies the findings of the Ames plate test, the Ames 
fluctuation test and the Allium cepa genotoxicity test. 
The use of competitive ELISAs for the detection of heavy metal and 
pesticide pollution in water has been authenticated in the seventh chapter. 
The last chapter is dedicated for general discussion. The bibliography 
and summary are presented in the end. 
IX 
CAupte^I: 
Introduction, Review of Literature 
and Objectives 
m 
Environmental pollution implies any alterations in the surroundings 
but is restricted in use especially to mean any deterioration in the physical, 
chemical or biological quality of the environment. All types of pollution 
directly or indirectly affect human health. The pollutants fall under the 
broad classification of xenobiotic compounds and are released into the 
environment by the action of man and occur in concentrations higher than 
"natural levels". The various ways in which environmental pollution affects 
human health is depicted in Fig 1. 
Among environmental pollution, water pollution is an age old 
problem that has gained alarming proportions lately because of population 
increase, sewage disposal, industrial waste, radioactive waste etc. These 
factors have contributed so much to the pollution of water resources that 
about 70-80 % rivers and streams all over the world contain polluted waters 
(Tibbets, 2000). According to Hammer and Hammer jr. (2000) water 
contamination has been classified into three types depending on the source: 
A. Point source: It is defined as the source where waste waters 
discharge from outfall sewers or drainage channels. 
B. Diffuse source: It is defined as the sources converging pollutants 
dispersed on the land by human activities, in runoff from rainfall and 
snowmelt 
C. Background pollution: It is defined as the pollution that is derived 
from natural origins. This pollution varies with the geology and 
topography of the site, kind of vegetative cover and climatic 
conditions. 
A schematic representation of the principal sources of water pollution 
is shown in Fig 2. 
Water pollution in India 
Water pollution in India has gained alarming dimensions over the past 
few years (ISGE, 1990; Rehana et al., 1995, 1996; Nomani et al., 1996; 
SOER, 2001; Singh et al., 2005a, 2005b). The monitoring data obtained by 
CPCB, the nodal agency of the Govt, of India revealed that organic and 
bacterial contamination were the critical pollution factors in the Indian water 
resources. This was mainly due to the discharge of untreated waste waters 
from the urban agglomeration (SOER. 2001). Water is rendered non potable 
in various parts of the country because of the presence of heavy metals, 
fluoride, arsenic, nitrates and other pollutants in excess. Many studies have 
listed heavy metals and pesticides as the major water pollutants in India 
(Malik and Ahmad, 1995; Rehana et al., 1995, 1996; Datta, 1999; Singh et 
a]., 2005a, 2005b). 
Water pollution by heavy metals and their toxicity 
Heavy metals are considered as one of the major water pollutants 
(Hammer and Hammer Jr, 2000). These obnoxious substances gain entry into 
the aquatic environm.ent by industries or by agricultural activities. They may 
enter the food chain and as a result of bioaccumulation would pose serious 
health problems to humans (Lorenzon et al.. 2000). Major aquatic pollutants 
in the class of heavy metals include mercury, cadmium, lead, arsenic, zinc 
and copper. The harmful effects of heavy metals manifest in several ways 
(Trivedi and Gundap. 1992; ATSDR, 2001). Cadmium causes the itai- itai 
disease while mercury may lead to the Minamata disease. Lead is known to 
cause deficits of intellectual development. Signs of zinc overdose include 
gastrointestinal irritation, painful urination and low blood pressure. 
Water pollution by pesticides and their to.xicity 
Due to the modern agricultural practices of highly intensive nature, so 
as to feed the ever increasing population of the world, there has been a wide-
spread use of synthetic pesticides in the environment. These compounds are 
ubiquitous often contaminating surface and ground water as they migrate 
from their point of application (Thomas et al., 2001). Various kinds of 
toxicities such as cardiotoxicity, neurotoxicity and ocular toxicity are known 
to occur as a result of short term/chronic exposure to commonly used 
pesticides such as DDT, endosulfan and HCH (Ray et al., 1992). A number 
of cancers have also been attributed to the exposure to pesticides (Janssens 
et al., 2001; Tischetal. , 2001). 
Water pollution^ Monitoring Strategies 
During the last fifty years, great advances have been made in the field 
of analytical chemistry. The development and refinement of techniques such 
as gas chromatography, mass spectroscopy and atomic absorption 
spectrophotometery have facilitated the detection and determination of ever 
small residues of organic and inorganic pollutants in air, water or soil 
(Walker, 1998). There is however, one fundamental problem, very little of 
this data can be interpreted in biological terms (Karr, 1993). In the early 
phase of environmental monitoring of coastal areas, most programmes 
consisted of the measurements of physical and chemical variables and only 
occasionally were biological variables incorporated. Such programmes gave 
useful information on the levels of contaminants but with the major 
shortcoming that they did not provide any information on the effects of these 
contaminants on biota. In the 1960s concerns arose for the effects of 
organochlorine chemicals especially DDT and PCBs, on the marine 
environment. Yet routine measurements in the water column could not be 
made as concentrations were nearly always below the detection limits and 
such analysis, even if possible, required expensive apparatus and skilled 
analysts. With the realization that herbicides, insecticides and antifouling 
agents were also likely to cause effects in the marine environment, attention 
turned to effects monitoring, rather than contaminant monitoring. 
Researchers concentrated on developing of methods that could provide early 
warning signals of effects on biota caused by a wide variety of contaminants 
present in the aquatic environment (Jimenez et al., 1990; Livingstone, 1993; 
Lam and Gray, 2003). 
Hazard assessment: Toxicity Bioassays 
Toxicity tests are necessary in water pollution because chemical and 
physical tests alone are not sufficient to assess potential effects on the 
aquafic biota (USEPA, 1987, 1991; APHA, 1985, 1995). The present state of 
pollution and its multidimensional hazardous effects have led to the 
development of a number of biological assays for assessing the toxicity of 
pollutants in the living systems. Biological assays involve the use of test 
organisms from different trophic levels of the food chain viz bacteria, algae, 
microinverebrates, higher plants, fishes etc. These bioassays offer a number 
of advantages over the monitoring of specific or selected group of chemicals 
(Dutka, 1996). However, no single biological assay, species or system can 
measure/indicate the potential effects of ail chemicals especially due to a 
significantly high percentage of false negatives in a single test (Dutka, 
1996). One way of addressing this problem was to develop various short 
term, inexpensive bioassays to screen the samples for an indication of toxic, 
genotoxic or chronic effects and then prioritize the samples for chemical 
analysis and/or more intensive studies. However, not a single test was 
responsive to all toxicants. This realization led to the concept of using 
several bioassays to ascertain environmental water quality and the ecological 
impacts of effluents, discharges and emissions. This soon came to be known 
as the "Battery of tests" approach (Dutka, 1996). 
Thus it is strongly recommended that a battery of tests be used for 
toxicant screening and monitoring because "different pollutants" affect 
different biological systems in a variety of ways (Dutka. 1996). 
The Biomarker Concept 
Typically, biomarkers are defined as quantitative measures of changes 
in the biological system that respond to either (or both) exposure and/or 
doses of xenobiotic substances that lead to biological effects. Although not 
explicitly contained in most definitions, the use of the term 'biomarkers" or 
'biomarker response' is often restricted to cellular, biochemical or molecular 
or physiological change that are measured in cells, body fluids, tissues or 
organs within an organism and are indicative of xenobiotic exposure and/or 
effect (Oikari and Jimenez, 1992; Lam and Gray, 2003). 
Changes that occur at the organismic, population and assemblage 
levels are more usually referred to as 'bioindicators'. One possible reason 
for limiting the term 'biomarkers' to sub-organismic ciianges is that one of 
the functions of biomarkers is supposedly to provide early warning signals 
of biological effects and that it is generally believed that sub-organismic 
(molecular, biochemical and physiological) responses lend to precede those 
at the organismic or higher levels (Payne et al., 1987; Jimenez and 
Stegemann, 1990). 
According to the National Research Council of Canada (NRC. 1985) 
and WHO (1993) biomarkers can be subdivided into three classes: 
1. Biomarkers of exposure, which cover the detection and measurement 
of an exogenous substance or its metabolite or the product of an 
interaction between a xenobiotic agent and some target molecule or 
cell that is measured in a compartment within an organism. 
2. Biomarkers of effect, which include measurable biochemical, 
physiological or other changes within tissues of body fluids of an 
organism that can be recognized as associated with an established or 
possible health hazard. 
3. Biomarkers of susceptibility, which include the inherent or acquired 
ability of an organism to respond to the challenge of exposure to 
specific xenobiotic substances including genetic factors. 
At a practical and operational level, there are four desirable 
characteristics of the biomarker assay: sensitivity, specifcity. simplicity and 
stability. The assay should be sensitive enough to detect early stage of the 
toxicity, specifcity is desirable because it can provide evidence of the 
harmful effect of a particular type of pollutant. Simplicity is desirable to 
make an assay available to non-experts in a cost-effective way. Diagnostic 
kits such as enzyme linked immunosorbent assay (ELISA) could be 
developed if there were sufficient simplicity. Stability is important in the 
sense that unstable and short-lived responses are difficult to measure and 
interpret in field studies (Walker, 1998; Van Del Ooost et al., 2003). 
In reality, no biomarker assay exists that has all of these attributes 
and it is unlikely that there ever will be such a biomarker. This limitation 
can be overcome by using a combination of biomarkers (Lagadic et al., 
1997, 1998). 
Types of Biomarkers 
Biomarkers have been distinguished as tier 1 and tier II according to 
their specifcity (Sanders, 1990). Tier I biomarkers respond to specific 
contaminants, and often involve enzyme inhibition. Tier II biomarkers 
respond to general sublethal stress and often involve enzyme induction 
(Thompson and Greig-Smith, 1991). 
Tier I Biomarkers 
There are probably as many tier I biomarkers as there are toxicants. 
The inhibition of neural acetyl cholinesterase by organophosphate and 
carbamate compounds (Thompson and Greig-Smith, 1991) and the degree of 
inhibition of the enzyme is closely related to tissue exposure (NRG, 1985) 
which makes them useful biomarkers for this type of pollution. 
Metallothioneins are thought to serve a protective function during 
heavy metal exposure by sequestering most of the free metal ions (Thomas, 
1990). The toxicity of heavy metals to animals can be correlated to the 
levels of metallothioneins in the liver (NRG, 1985). 
Tier II Biomarkers 
These are generalized stress responses and their specificity to chemical 
insult and value as biomarker varies markedly. 
All organisms studied to date respond to adverse environmental 
conditions by synthesizing a highly conserved group of proteins known 
variouslv as heat shock proteins (HSP) or stress response proteins 
(SRP)(Thomas.I990). Although little work has been done on their utility as 
biomarkers. they have been found to be produced in two molluscs, Mytilus 
edulis and Collisella pelta, in response to both heat shock and cadmium 
(Sanders, 1988) and in a bacterium, Alcaligens eutrophus, in response to 
cadmium and the herbicide 2,4,5-T(2,4,5 trichlorophenoxyacetic acid) ( Amy 
etal., 1993). 
Many environmental contaminants enhance oxidative stress in 
animals and the specific lesions known to arise as a result of such stress are 
present in many aquatic animals (Winston, 1991). A mechanism for the 
detoxification of oxidizing compounds involves ascorbic acid. Its levels 
have been found to fluctuate with a wide variety of toxicological and 
environmental factors (Thomas, 1990). 
Biotransformation 
A special subsection of biomarkers involves the range of systems 
involved in the metabolism of xenobiotics. These fall somewhere between 
the designations of tier I and tier II biomarkers as they are specifically 
induced in response to contaminants but are relatively non-specific with 
respect to individual contaminants. Their properties give them great 
potential as biomarkers. Xenobiotic metabolism is often referred to as 
biotransformation and the pathways involved are usually divided into phase 
I and phase II. An overview of xenobiotic metabolism is depicted in Fig 3. 
Phase I Biotransformation 
Phase I is the predominant biotransformation pathway. It generally 
involves the addition or exposure of functional groups on the xenobiotic. 
e.g. by oxidation or hydrolysis. By far the most extensively examined 
system, from the point of view of biomarkers, is the mixed function oxidase 
system (MFO) which involves oxidation by a variety of isozymes of 
cytochrome P-450 (Lewis, 2001). 
Cytochrome P450 was discovered as a pigment that in complex with 
CO absorbed light at 450 nm (Schenkman and jansson. 1998). Its inactive 
form has an absorption maximum of 420 nm, which is similar to other 
heamoproteins (Anzenbacherova and Anzenbacher, 1999). Its activity 
depends on the presence of NADPH-cytochrome P450 reductase and 
phosholipid membrane fraction. All these components constitute a 
monooxygenase system (Kvasnickova, 1995) 
Cytochrome P450 Biochemistry 
In a simplified form, cytochrome P450 function is shown by the 
following formula: 
NADPH +H^+RH+02 • R0H+H20+NADP^ 
This is a monooxygenase reaction in which one molecule becomes 
more planar by the insertion of an oxygen atom. 
For the detection of pollution in aquatic environments, the CYPlAl 
family members have so far been proved to be the most sensitive indicators 
(Machala et al., 2000; Schlenk and Di Giulio. 2002). They respond to water 
contamination at levels too low to be detected by other laboratory methods. 
Phase II metabolism 
Phase II reactions are biosynthetic reactions where the foreign 
compound or a phase I derived metabolite is co\alently linked to an 
endogenous molecule (Sipes and Gandolfi, 1991). There are several 
pathways of phase II metabolism and the activities of the various pathways 
vary with species, environment and the substrates. Some of them are 
described as under: 
Glutathione conjugation 
Glutathione conjugation involves the addition of this tripeptide 
(GSH) to an electrophilic site on the substrate catalysed by Glutathione - S 
-Transferase (GST). This forms the initial step in the formation of 
mercapturic acid. The rate limiting step in GSH synthesis is catalysed by 
glutamyl cysteine synthetase (GCS). Oxidized glutathione (either GS-GS or 
GS-substrate) can be reduced by glutathione reductase (GR). GST, GR, 
GSH, GCS have all been investigated as potential biomarkers (Vitoria et al., 
2001; Ferrat et al., 2003) 
GSTs form a superfamily of multifunctional enzymes (Pascal and 
Scalla, 1999). Plant GSTs have been discovered as a part of herbicide 
detoxication in terrestrial plants (Shimabukuro et al., 1970). Many authors 
have demonstrated their role in the detoxication of polycyclic aromatic 
hydrocarbons, polychlorobiphenyls and heavy metals (Schrenk et al., 1998; 
Pflugmacher et al., 1999; Ferrat et al., 2002). 
Glucouronsvltransferases 
Glucouronidation represents one of the major phase II conjugation 
reactions in the conversion of both exogenous and endogenous compounds 
to polar water soluble compounds. The widespread occurrence of this 
detoxification mechanism in living organisms, the broad range of substrates 
that are accepted and the diversity in the nature of acceptor groups makes 
conjugation with glucouronic acid qualitatively and quantitatively the most 
important conjugation reaction (Sipes and Gandolfi, 1991). 
Glucouronidation by UDPGT (Uridine Diphoshpate Glucouronyl 
Transferase) is the major pathway for the elimination of synthetic pyrethoids 
in rainbow trout (Bradbury and Coats, 1986). Two field trials of UDPGT as 
a biomarker have been conducted. A 40% increase in UDPGT activity was 
found in salmon caged for 21 days in an area contaminated by 
petrochemicals (Nikunen, 1985). Activity of UDPGT in rainbow trout liver 
was found to be similarly increased at distances between 4 and 11 kilometers 
from a pulp mill outfall (Oikari and Kunnamo-Ojala, 1987). 
Methvlation 
Methylation is a common biochemical reaction for the metabolism of 
endogenous compounds but is not usually a quantitatively important 
pathway for xenobiotic transformation (Sipes and Gandolfi. 1991). 
Other Pathways 
Other pathways of phase II metabolism include acetylation, amino 
acid conjugation and sulphation (Sipes and Gandolfi. 1991). These have not 
been investigated as potential biomarkers although they play a large role in 
detoxification. 
Biomarker Studies in Plant Systems 
Despite the crucial role of plants (aquatic or terrestrial) in 
ecosystems, these organisms have been underemployed for the diagnosis or 
predictions of the negative consequences of human activities, although 
physiological processes, biochemical response and mechanisms of 
adaptation or mortality can be used to evaluate the quality of a medium 
(Vangronsveld et al., 1998). These organisms are sedentary, sensitive to 
environmental variations, and react, as first stages of the food chain, more 
rapidly to the presence of pollutants than organisms living at higher stages 
(Lovett -Doust et al., 1994). 
The various types of biomarkers studied in plants are: 
1. Modification of photosynthetic activity: Chlorophyll content and 
chlorophyll fluorescence are used to highlight stress due to a single 
environmental factor or to a combination of different environmental 
factors (Ralph and Short, 2002). 
2. Enzymatic activities related to nutrients: Plant metabolism can be 
influenced by various stressors, so as the activity of enzymes 
involved in the assimilation of nitrogen e.g. glutamine synthetase 
(GS), nitrate reductase (NR) and phosphate (alkaline phosphatase) 
can be an interesting biomarker for their capacity to highlight a 
nutrient deficiency for plants under stressing conditions ( Hernandez 
etal..l999). 
3. Heat shock proteins (HSPs): Heat shock protein synthesis is induced 
by a range of stressors including pollutants (McCarthy and Shugart. 
1990) and as primary protective response of cells is potentialiy useful 
in environmental monitoring. 
4. Phenolic compounds: Phenolics play an important ecological role 
and their synthesis and storage are considered to be good indicators 
of stress (Ragan and Glombitza, 1986). Most of these compounds 
make a significant contribution to the antioxidant activity of plants 
and have the capacity to bind heavy metals (Emmons et al., 1999) and 
are thus of major importance in the mechanisms of protection of 
plants against stress (Swain, 1977). 
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5. Oxidative stress biomarkers: The 'oxidative burst' constitutes an 
early strategy of defense in plants in response to various forms of 
stress (Kupper et al., 2001). The presence of ROS triggers secondary 
reactions of defense that prevent the destructive oxidation of 
important metabolites (Subhadra et al., 1991). This antioxidant 
system is based on enzymatic e.g. superoxide dismutase (SOD), 
peroxidase, catalase, glutathione reductase (GR) and non-enzymatic 
mechanisms e.g. thiol groups etc. (Cossu et al., 1997; Vangronsveld 
etal. , 1997). 
An increase in catalase has been demonstrated in the presence of 
various pollutants (Roy et al., 1995; Ferrat, 2001). Peroxidase, GR and SOD 
also show significantly altered levels in response to various pollutants 
(Vitoria et al., 2001; Ferrat et al., 2002; Panda, 2003). 
Concerning non enzymatic mechanisms, research on biomarkers has 
focussed on various compounds usually involved in intracellular binding for 
metals, or involved in their exclusion and detoxication. These substances 
include Vit E, thiol groups particularly reduced glutathione (GSH) and 
phtyochelatins. GSH is involved as a co-substrate in conjugation reactions 
and is an important antioxidant in plants (Rijstenbil et al.. 1994; Hamoutene 
et al., 1996). Xenobiotics can modify the quantities of reduced or oxidized 
glutathione e.g. the introduction of a metal into the medium causes a drop in 
its concentration (Ferrat et al.. 2003). 
6. Biomarkers of detoxication: These biomarkers are different according 
to the toxic compounds that they detoxify. Phytochelatins/ metallothioneins 
are reported to detoxify heavy metals whereas phase I and phase II enzymes 
of biotransformation can metabolize organic xenobiotics also. 
6.1 Metallothioneins and phytochelatins: Higher plants contain two major 
types of cysteine rich metal-binding proteins, the metallothioneins (MTs) 
and the phytochelatins. MT genes have been identified in a range of higher 
plants (Prasad, 1999). Although MTs can be induced by metal treatments 
and there is evidence for their role in heavy metal tolerance (Hamer, 1986), 
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yet their role in heavy metal detoxification in plants remains to be 
established (Schat et al., 2000). However, it has been reported that MT 
mRNA was strongly induced in Arabidopsis seedlings by Cu, but only 
slightly by Cd and Zn (Zhou and Goldsbrough, 1994). Since MTs are 
induced by heavy metals, these proteins have been proposed as molecular 
biomarkers to estimate heavy metal exposure in aquatic and other 
environments with great specificity (Livingstone, 1993). 
The phytochelatins are a family of metal complexing peptides that are 
rapidly induced in plants by heavy metal treatments (Cobbett, 2000). They 
are synthesized non-translationally using glutathione as a substrate by 
phytochelatin synthase (Rauser, 1995), an enzyme that is activated in the 
presence of metal ions (Cobbett, 2000). Evidence has been presented both 
for and against a role of phytochelatins in heavy metal tolerance 
(Goldsbrough, 2000). Using Brassica juncea it has been shown that Cd 
accumulation is accompanied by a rapid induction of phytochelatin 
biosynthesis and that the phytochelatin content was sufficient to chelate all 
the Cd (Haag-Krewer et al., 1999). 
6.2 Biotransformation enzymes: Ecologically most important is the ability 
of plants to decompose toxicants to low molecular weight non-toxic 
compounds. There are two main pathways of biotransformation. The first 
pathway corresponds to complete decomposition resulting from oxidation to 
natural cellular metabolites. The second pathway implies conjugation of the 
partially oxidized xenobiotic. which is followed by its compartmentalization 
in subcellular structures. 
Biotransformation of a toxicant is possible if its molecule contains 
hydroxy], carboxy, amino and certain other functional groups. In the absence 
of such groups, prior transformation becomes a prerequisite. 
Plant metabolism of non-polar organic xenobiotics involves several 
sequential stages (Sandermann, 1992). 
a. Hydroxylation: The initial stage, introducing an oxygen atom into 
the molecule of the toxicant is rate limiting for the process of 
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detoxification. Hydroxylation reactions are catalysed by 
monooxygenases and peroxidases. Cytochrome P450 containing 
monooxygenases activate molecular oxygen, whereas peroxidases 
use reactive oxygen in the form of hydrogen peroxide 
(Khatisashvili et al., 1997). There is conclusive proof that 
cytochrome P450 plays an important role in the detoxification 
processes in higher plants (Topal and Kelly, 1991). Entry of a 
xenobiotic into a cell causes its cytochrome P450 to hydroxylate 
the alien compound, most likely because of its higher affinity to 
non polar compounds (Gordeziani et al., 1991). Several lines of 
experimental evidence indicate that plant peroxidases may also be 
involved in the hydroxylation reaction (Laurent, 1994; Wilson et 
al., 1994). 
b. Conjugation: Conjugation of toxicants to intracellular compounds 
is one of the main pathways of xenobiotic transformation in plant 
cells. Xenobiotics or products of their prior oxidation are typically 
conjugated to sugars, peptides and organic acids. Conjugation 
processes are catalysed by glutathione-S-transferases and certain 
other enzymes (Jakoby and Zeigler, 1990). 
c. Heavy oxidation: Following the first stage of conversion, the 
hydroxylated xenobiotic may undergo heavy oxidation, a process 
alternative to conjugation. It involves a variety of processes 
bringing about complete degradation of the carbon backbone of 
the toxicant, oxidation of aliphatic groups, cleavage of aromatic 
rings and hydrolytic breakdown are prototypic examples of such 
complete degradation. 
The conversion mechanism of nonpolar xenobiotics in plant cells is 
depicted in Fig 4. 
Biomarkers of heavy metal exposure 
Antioxidant enzymes like SOD, CAT, GR and GPX as well as 
detoxification enzymes like GST have been widely used as biomarkers of 
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metal pollution. GST was investigated as a biomarker of mercury pollution 
(Ferrat et al., 2003) while numerous studies have employed SOD, GR, GPX 
and CAT as markers of metal contamination (Shainberg et al., 2000; Vitoria 
et al., 2001). Heavy metal toxicity is related, at least in part, to the oxidative 
stress induced in living systems (Livingstone, 2001; Wang and Shi, 2001). 
They can promote oxidative damage both by directly increasing the cellular 
concentration of reactive oxygen species (Winterbourn, 1982) and by 
reducing the cellular antioxidant capacity (Sies, 1999). Oxidative stress in 
plants is buffered by the activation of antioxidant defenses, including 
antioxidant enzymes such as SOD, CAT, ascorbate peroxidases (APX), 
monodehydroascorbate reductase (MDHAR) and glutathione reductase (GR). 
These defenses may also involve water soluble antioxidants such as 
ascorbate, glutathione and phenolic compounds (Pastori et al., 2000). 
Heavy metal exposure leads to increased levels of SOD, CAT, APX 
and carotene and a decreased GSH content (Okamoto et al., 2001). Increased 
SOD activity after treatment with Cd was recorded in Telraselmin gracilis 
(Okamoto et al., 1996) and Ditylum brightwelli (Rijstenbil et al., 1994). In 
the green unicellular alga Selanastum capricoruntum, an increased APX 
activity was observed (Sauser et al., 1997) whereas a decreased GSH redox 
ratio has been reported in the Enteromorpha prolifera after heavy meta! 
exposure (Rijstenbil et al., 1998). Nagalakshmi and Prasad (2001) recorded 
enhanced levels of APX, SOD and GPX activities in Scendemus bijugatus 
exposed to the copper concentrations as high as 100 \xM. Moreover, they 
also observed a progressive depletion of GSH content in the cells with 
increasing concentrations of copper. Clearly, the general response to heavy 
metal exposure is an increase in the antioxidant defense system, although the 
particular players involved may vary in different organisms. Exposure to 
heavy metals initially resulted in the severe depletion of GSH in case of pine 
exposed to Cd^ "^  (Schutzendubel et al., 2001) as well as with pigeon pea 
exposed to Ni and Zn (Rao and Sresty, 2000). This is a common response 
to heavy metals caused by an increased consumption of GSH for 
phytochelatin synthesis (Zenk, 1996). GSH is also used as a substrate by 
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glutathione peroxidases (GPX), whose activity shoots up following exposure 
to heavy metals (Patisska et al., 2002). The GSH is recycled back by the 
action of glutathione reductase, whose activity has also been found to 
respond to heavy metal exposure (Vitoria et al., 2001). Ascorbic acid as well 
as enzymes of the GSH-ASC cycle have also been utilized as biomarkers of 
metal pollution e.g. MDHAR (monodehydroascorbate reductase) activity in 
Phaseolus vulgaris showed a rise upon exposure to Zn (Chaoui et al., 
1997). DHAR (dehydroascorbate reductase) also exhibited a rise in 
Helianihus annus exposed to Cd^* {GaWego et al., 1996). Moreover, 
peroxidase has been shown to be a sensitive indicator of heavy metal 
toxicity (Rao and Sresty, 2000). Fig 5 presents a hypothetical view of heavy 
metal action on the cellular redox control. 
Biomarkers of pesticide exposure 
The introduction of new, more toxic and rapidly disseminating 
pesticides into the environment has necessitated accurate identification of 
their potential hazards to human health. These compounds may induce 
oxidative stress leading to the generation of free radicals and alteration in 
antioxidants, oxygen free radicals and the scavenging enzyme systems 
(Banerjee et al.. 1999; 2001). 
Inhibition of neural acetylchlolinesterase acti\'it}' is the most widely 
used biomarker of pesticide exposure (Ranjbar et al., 2002). Various studies 
have employed this system as a sensitive biomarker of organophosphate and 
carbamate pesticides (Bissbort et al., 2001; Wessels et al.. 2003). 
Pesticides are known to generate reactive oxygen species (Abdollahi 
et al., 2003; 2004) and hence they may lead to oxidative stress in exposed 
organisms. Components of the antioxidant defense machinery such as GST. 
SOD, CAT, GPX etc are known to vary with exposure to different pesticides 
(Mahboob and Siddiqui, 2001; Kopyra and Gowzdz, 2003; Czarniewska et 
al., 2003) and as a result have been employed as biomarkers of pesticide 
pollution in aquatic systems (Filho et al., 2001). 
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Phase I enzymes like CYPlAl are also known to get modulated in 
response to pesticide exposure (Lagueux et al., 1999; Fernandes et al., 
2002). The high sensitivity and the ease of measurement of CYPl AI/EROD 
make it a suitable biomarker of pesticide pollution (Arnic et al., 2000). For 
the detection of pollution in aquatic environments, the CYPIAI/EROD has 
so far proved to be the most sensitive indicator (Anzenbacherova and 
Anzenbacher, 1999; Machala et al., 2000; Schlenk and Di Giuilo, 2002). 
Since pesticides alter the oxidative balance of an organism, various 
parameters of oxidative stress like lipid peroxidation and oxidative DNA 
damage can also act as sensitive biomarkers of pesticide exposure (Di Pierro 
et al., 1992; Lodovici et al., 2000). 
Following the discovery of the importance of free radical damage in 
the mechanisms of toxicity of many environmental pollutants (xenobiotics), 
there has been an increased application of biomarkers of oxidative stress in 
living organisms, especially mammalian (Nordberg and Arner, 2001) and 
plant systems (Scandalios, 1997; Vitoria et al., 2001; Panda, 2003). 
Markers of DNA damage: Genotoxicity Biomarkers 
Genotoxicants have the ability to alter DNA and their effects may be 
particularly harmful as these agents can induce changes that may be passed 
on to future generations and have an impact on populations long after the 
original exposure (Knasmuller et al., 1998). 
A wide variety of genotoxicity tests have been applied to 
biomonitoring. These include use of micronuclei counts (Spies et al.. 1990), 
DNA adducts (Varanasi et al., 1987), strand breakage (Thomas, 1990), his' 
reversion (Kummarow et al., 2003; Umbuzeiro et a!., 2004). A combination 
of these assays provides a powerful method for assessing short and long 
term genotoxicity. 
There are many assays for detecting the genotoxicity of surface 
waters but the utilization of bioassays with bacteria has proven to be very 
effective for monitoring because these assays are sensitive, inexpensive, and 
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reliable and can be performed in a short period of time with relatively low 
cost. 
The various types of genotoxicity tests usually employed are: 
1. Salmonella mutagenicity test: Among the microbial bioassays, the 
Salmonella mutagenicity test has been the most widely used for detecting 
mutagenicity/genotoxicity in surface waters. The different responses of the 
Salmonella typhimnrium strains can provide information on the classes of 
mutagens present in the water samples. This test has been proposed by the 
USEPA for clean water compliance monitoring (USEPA, 1989). 
Rehana et al. (1995, 1996) used five different Salmonella 
typhimurium strains to compare the mutagenic activity of water samples 
from four sites of Ganga River, India. Samples always showed extreme 
mutagenic activity for TA98 and TAIOO, both with and without S9 mixture. 
They also found a similar pattern in the responsiveness of the tester strains 
for a mixture of pesticides suggesting that the mutagenicity of the water 
extracts may be attributable to the pesticides used in the upstream region. 
Aleem and Malik (2003) and Siddiqui and Ahmad (2003) further reported 
that the mutagenic potential of the XAD- concentrated water samples from 
the river Yamuna, India was also extremely high for TA98 both with and 
without S9 mix. 71iey also suggested the presence of oxidative mutagens in 
the Indian riverine system. An extremely high mutagenic potential of the 
water samples from a river in Brazil was recorded by Vargas et al. (1995) in 
case of TA98 strain with metabolic activation. Numerous other studies have 
also employed the Salmonella mutagenicity tests for the evaluation of water 
pollution (Vargas et al.. 2001; Kummrow et al., 2003; Umbuzeiro et al., 
2004). 
2. SOS chromofest/umu-tcst: Although the Salmonella microsome test has 
been widely used for the detection of mutagenicity in environmental 
samples, a variety of other assays also exist for investigating complex 
environmental mixtures. The SOS-chromotest and the umu test were 
developed as alternatives to the Ames test by Quillardet et al.(1982) and Oda 
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et al. (1985) respectively. These are widely used for the routine monitoring 
of water samples as the results are available in a single day with minimal 
advance preparation. The microplate version of the SOS chromotest and umu 
test was developed as a rapid and sensitive screening tool for the detection 
of genotoxins in surface waters (Langevin e( al.. 1992; White et al., 1996). 
The Mutatox test, employing a dark mutant strain of luminescent 
Photobacterium phoshphoreum, the phage induction test and the DNA repair 
assays with E.coli mutants have been widely used for screening surface 
water samples for genotoxic activity and have been promoted as candidates 
for a battery of screening assays ( Helma et al.. 1996; Vahl et al., 1997). 
3. DNA adduct formation: DNA adducts in aquatic organisms are effective 
molecular parameters of genotoxic contaminant exposure. There is a huge 
body of literature on the DNA adducts in aquatic organisms, including the 
review by Stei et al. (1994). The "^P-post labeling technique is the most 
sensitive method for the detection of a wide range oi large hydrophobic 
compounds bound to DNA, and can potentially detect one DNA adduct in 
10-10 bases. Various studies have used the measurement of DNA adducts 
in aquatic organisms as an index of pollution b>' several xenobiotics 
(Stephenson et al., 2000; Ericson et al., 2002). 
4. DNA strand breaks: DNA strand breaks are potential pre-mutagenic 
lesions and are sensitive markers of DNA damage. The most commonly used 
technique for the detection of DNA strand breaks is the alkaline single cell 
gel electrophoresis (comet) assay. Several studies ha\e employed the comet 
assay for assessing the level of DNA strand breakage in cells from aquatic 
organisms treated with surface water samples in vivo and in vitro ( Klobucar 
et al., 2003; Russo et al., 2004). 
5. Micronucleus induction: The micronucleus assay is a widely used 
cytogenetic assay for the assessment of in vivo or in vitro chromosomal 
damage. There are several reports on micronuleus induction in aquatic 
organisms, plants and cultured cells treated with surface water (DeLemos 
and Eratmann, 2000; Campana et al., 2001). 
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6. Other genotoxicity assessment methods: Sister chromatid exchange 
(SCE) assay, the chromosomal aberration test and the Tradescantia stamen 
hair mutation assay have also been widely used for the detection of aquatic 
pollution (Duan et al., 1999; Bakare et al., 2003). 
Immunoassays: role in environmental monitoring 
The time and the expense involved in classical analytical methods i.e. 
sampling, sample preparation and laboratory analysis limit the number of 
samples that can be analyzed in environmental surveys. That led to the 
development of rapid, sensitive and cost effective methods which allow the 
analysis of multiple samples at a given period of time. Immunoassays (lAs) 
qualify the criteria of such methods. The first immunoassay was developed 
by Yalow and Berson (1960) for the determination of insulin in blood. Since 
then, immunoassays have been commonly used in clinical chemistry for the 
detection of a wide range of compounds such as hormones, drugs and 
viruses. They are very simple to run and have now become a popular 
instrument for the rapid screening of organic pollutants in the environment, 
as shown in numerous reviews (Hammock and Gee, 1995; Van Emmon and 
Gerlach, 1995; Hennion and Barcelo, 1998). 
The Allium cepa test: a sensitive tool in environmental monitoring 
The Allium cepa test was introduced in 1938 by Levan. Since then, it 
has been widely used for environmental monitoring. This test has been 
widely used for the genotoxicity assessment of heavy metals, pesticides and 
industrial waste waters (Chauhan et al., 1986; Fiskesjo. 1988). Kovalchuk et 
al. (1998) used this assay to evaluate the genotoxic potential of waste water. 
More recently, the Allium cepa test has been used for detecting the 
genotoxicity of surface water (Monarca et al., 2003) and the clastogenicity 
of atrazine (Bolle et al.. 2004). 
The Allium cepa anaphase-telophase chromosomal aberration test has 
been used to study the mutagenic effects of N-methyl-N-nitrosourea, maleic 
hydrazide, sodium azide and ethyl methane sulphonate (Rank and Nielsen, 
1997). Both versions of the Allium cepa test viz. root length inhibition assay 
19 
as well as genotoxicity assay are cost-effective, easy to perform and 
sensitive enough to respond to low concentrations of toxicants. 
Allium cepa test in the toxicity of metals 
Fiskesjo (1985) tested the tap water from a common house with 
copper pipes and noted that the growth of the onion roots was retarded by 
copper contaminated water. The microscopic analysis also revealed shortage 
of dividing cells caused by higher copper concentration in water. Later, she 
studied the clastogenic potential of salts of eight metals i.e. methyl mercury 
chloride, mercuric chloride, copper sulphate, nickel chloride, cadmium 
chloride, beryllium sulphate, aluminium chloride, manganese chloride, 
lithium chloride and noticed that some of these metals induced specific 
microscopic effects such as Ni-treatment induced an unusual form of C-
mitosis. Beryllium treatment induced a type of banded or fragmented 
chromosomes (Fiskesjo, 1988). Liu et al. (1999) studied the effects of Mg^ "*^ ' 
Co ^ and Hg * on the nucleus of the root tip cells of Allium cepa. Earlier, 
lead acetate had also been reported positive in this test by Mukherji and 
Maitra (1976). The effect of chromium (VI) salt on the mitotic activity and 
root growth was also studied by jaiprakash et al. (1994). They noted that 
chromium inhibited both root growth and mitotic activity in a dose 
dependant manner. Further studies are needed to test various metal salts in 
order to group them on the basis of c> tological effects on the root tip cells. 
Allium cepa test in pesticide toxicity monitoring 
Substantial amount of data is available on the toxicity monitoring of 
various pesticides by means of the Allium cepa test by various workers. 
Methyl parathion. an organophoshphorus insecticide has been reported to 
induce chromosomal aberrations and reduce the mitotic activity in Allium 
cepa cells (Malarvizhi and Usharani. 1994). Studies by Gulati et al. (1994) 
have revealed that monocrotophos treatment induced a greater chromosomal 
breakage than endosulfan concomitant with a reduction in the mitotic index. 
Verma et al. (1996, 1997, and 1998) studied the effects of a number of 
organophosphate pesticides, synthetic pyrethoids and other pesticides on the 
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Allium root morphology and growth at various exposure levels. Allium cepa 
test was found to be a valid indicator of benzene hexachloride toxicity 
(Grant, 1982). An obviously positive result was obtained with the Allium 
cepa test for a herbicide, 2, 4-D (Mohandas and Grant, 1972). 
Objectives of the study 
In view of the literature presented in the preceding pages, an attempt 
was made to study the various biomarkers of heavy metal and pesticide 
toxicity especially employing Allium cepa system and several genotoxicity 
markers. The detailed objectives of the study are listed below: 
1. Since Allium cepa test is a simple, sensitive and cost effective 
indicator of toxicity, it was thought that its efficacy would be greatly 
increased if biomarker studies were carried out in the same onion 
bulbs employed for the toxicity bioassay. 
2. Heavy metals and pesticides are considered to be among the major 
pollutants found in Indian waters. Therefore, the primary aim of these 
studies was to identify some enzymes of the detoxification machinery 
in Allium cepa as potential biomarkers of these toxicants. 
3. Various enzymes of the detoxification machinery like GST, GR, 
SOD, CAT, APX, GPX and MDHAR have been shown to get 
modulated in response to pollutant exposure (Ferrat et al., 2002; 
Panda, 2003). CYPIAI/HROD- a representative of the phase I 
detoxification enzymatic machinery has also been proposed as a 
biomarker of aquatic pollution (Fernanades et al.. 2002; Ferrat et al., 
2003). An attempt was made to study the potential of these enzymes 
of Allium cepa as biomarkers of heavy metal and pesticide pollution 
in the test water samples. 
4. The E.coli K12 survival test and the plasmid nicking assay are very 
simple and rapid genotoxicity tests vis-a-vis showing a good 
correlation with other mutagenicity/ carcinogenicity/ clastogenicity 
tests. Therefore, a part of the study was directed towards the 
evaluation of the DNA damage induced by various test samples. The 
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endpoints of these tests could serve as specific genotoxicity markers 
of aquatic pollution. 
5. The Ames plate incorporation test being a rapid and sensitive indicator 
of genotoxicity is routinely employed for testing the 
mutagenicity/genotoxicity of water samples. The Ames fluctuation test, 
on the other hand, has the potential to be automated and a large number 
of samples/compounds could be screened by this test. It was worth 
studying to compare the suitability of these well established tests with 
that of the Allium cepa system. The response of the Ames tester strains 
towards a particular water sample could be utilized as a biomarker for 
the presence of a particular pollutant or a class of pollutants. 
6. The toxicity of water pollutants has been reported to be mediated by 
reactive oxygen species (Di Giuilo et al., 1995; Livingstone, 2001). 
The generation of ROS can provide an indication about the presence 
of specific pollutants and can thus be utilized as a biomarker for their 
presence. The role of ROS in the toxicity/genotoxicity of the test 
water samples was also proposed to be investigated. This could help 
in identifying one or more ROS which would act as indicators of the 
presence of certain pollutants. 
7. The water samples to be used for the biomarker as well as the 
genotoxicity studies were supposed to be collected from the industrial 
areas of Aligarh and Ghaziabad cities oi Northern India. These 
samples in earlier studies were found to contain heavy metals and 
pesticides in significant amounts, due to the strategic positions of 
liiese cities. 
8. Due to the ever increasing pollution of water bodies, there is a need 
for comprehensive monitoring techniques. Immunoassays are being 
projected as sensitive and rapid alternatives to conventional analytical 
techniques like HPLC and GC. One of the major objectives was to 
develop the immunoassays for the detection of pesticide and metal 
pollution in the test water samples. 
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Fig. 1: Environmental Pollution and Human Health [Adapted from Ray, 
P.K. and Gupta, B.N. (1986) Industrial Safety Chronicle, ITRC, 
pp. 78-81] 
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Fig. 2: Principal Sources of Water Pollution [Adapted from Water and 
Waste Water Technology (2000) Ed. (M.J. Hammer and M.J. 
Hammer Jr.)] 
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[1] Phase 1 metabolism (including oxidation by cytochrome P-450) may form reactive 
metabolites, which can either react with cellular components or be detoxified by Phase II 
metabolism (such as a conjugation to glutathione by glutathione-s-transferases (GST). [2] 
Phase I metabolism can also result in the formation of redox cycling compounds. [3] Redox 
cycling compounds can be reduced by flavoproteins to form radical metabolites. [4] To 
complete the cycle, the radical metabolite autooxidizes forming the superoxide anion (O,) and 
regenerating the parent compound. [5] In the presence of iron, the superoxide anion undergoes 
the Haber-Weiss reaction, forming the highly reactive hydroxyl radical (HO). [6] Superoxide 
can be degraded by superoxide dismutase (SOD) forming hydrogen peroxide (H,0,). [7] In the 
presence of iron, H,0, can undergo Fenton's reaction forming molecular oxygen and hydro.xyl 
radical. [8] H,0, is degraded by catalase (CAT), or by glutathione peroxidase (GSX) which 
utilizes reduced glutathione (GSH) as a proton donor. [9] Glutathione reductase (GR) 
regenerates the protective free thiol (GSH) from glutathione disulfide (GSSG). 
Fig. 3: Overview of routes by which xenobiotics may result In toxicity 
and how they may be detoxified [Adapted from Kappus (1987) 
Archives of Toxicology QO: 144-149] 
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Fig. 4: Universal conversion mechanism of non polar xenobiotics in 
plant cells: XN, Xenobiotic; XOH, hydroxylated Xenobiotic; 
XOR, conjugate R, sugar, a. acid residues, peptides or proteins 
etc. [Adapted from Zaalishvili et al. (2000) Applied Biochem and 
Microbiol. 36•A43-A5^] 
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Fig. 5: Hypothetical view of heavy metal action on the cellular redox 
control [Adapted from Schutzendubel, A. and Polle, A (2000) 
Exp. eof. 53:1351-1365] 
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CAapte^ II: 
General Materials and Methods 
J 
The chemicals used in the present study along with their sources are 
listed below; 
CHEMICAL 
2,4-D 
7-ethoxy resorufin 
Agar powder 
Agarose 
Ampicillin 
Arabidopsis metallothionein 
Ascorbate 
Benzo(a)pyrene 
BHC 
Bromocresol purple powder 
Cadmium chloride 
Carbaryl 
Chloramphenicol 
Chromium chloride 
Citric acid monoh\drate 
Cycloheximide 
Di-phenyl carbazide 
Endosulfan 
Ethidium bromide 
Freunds complete adjuvant 
Freunds incomplete adjuvant 
Glucose-6-phoshphate 
Glutathione reductase 
Goat anti rabbit -IgG HRP conjugate 
Histidine hydrochloride 
HPLC grade acetonitrile 
HPLC grade chloroform 
HPLC grade hexane 
SOURCE 
Sigma chemical Co, USA 
Sigma chemical Co, USA 
Hi media, India, Ltd 
Sigma chemical Co, USA 
Hi media, India, Ltd 
Sigma chemical Co, USA 
Sisco research laboratories, India 
Sigma chemical Co, USA 
Sigma chemical Co, USA 
Qualigens fine chemicals, India 
Qualigens fine chemicals, India 
Sigma chemical Co, USA 
Sisco research laboratories, India 
Qualigens fine chemicals, India 
Qualigens fine chemicals. India 
Sisco research laboratories. India 
Sisco research laboratories, India 
Sigma chemical Co. USA 
Hi media, India. Ltd 
Bangalore Genei. India 
Bangalore Genei. India 
Sisco research laboratories. India 
Sigma chemical Co. USA 
Bangalore Genei. India 
Sigma chemical Co, USA 
Qualigens fine chemicals, India 
Qualigens fine chemicals, India 
Qualigens fine chemicals, India 
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HPLC grade water Qualigens fine chemicals, India 
I-chloro 2, 4-dinitro benzene Sisco research laboratories, India 
IDA-sepharose column Bangalore Genei, India 
Lead nitrate Qualigens fine chemicals, India 
Mannitol Sisco research laboratories, India 
Mercuric chloride Sisco research laboratories, India 
Methyl methane sulphonate Sisco research laboratories, India 
Nitoblue tetrazolium Sisco research laboratories, India 
Nutrient agar Hi media, India, Ltd 
Nutrient broth Hi media, India, Ltd 
Ovalbumin Sisco research laboratories, India 
Oxidized glutathione Sisco research laboratories, India 
pBR322 plasmid DNA Bangalore Genei, India 
Phthalic acid Sisco research laboratories, India 
Potassium dichromate Qualigens fine chemicals, India 
Protein molecular weight markers PMW-L Bangalore Genei, India 
Reduced glutathione Sisco research laboratories, India 
Resorufin Sigma chemical Co, USA 
SOD Sigma chemical Co, USA 
Sodium ascorbate Sisco research laboratories, India 
Sodium phenobarbital Sigma chemical Co, USA 
Tetracycline Hi media. India. Ltd 
Pesticide standards for HPLC analysis were obtained by the courtesy 
of Dr. G.A.S. Ansari, University of Galveston. Texas. USA. 
Metal standards for AAS analysis were purchased from Sisco 
Research Laboratories, India. 
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METHODS 
Maintenance and growth of bacteria: Each strain of Salmonella 
typhimurium was streaked over master plate. A single colony was picked up, 
grown in minimal medium and repurified by streaking over fresh master 
plate. Likewise each strain of E.coli was streaked over nutrient agar plates. 
A single colony was picked up and repurified by streaking over nutrient agar 
plate. 
The Salmonella typhimurium strains were tested on the basis of 
associated genetic markers after raising it from the single colony from the 
master plate. Having satisfied with the test clone the culture was raised and 
streaked over minimal and nutrient agar slants. It was then allowed to grow 
0/N at 37° C and stored at 4° C. Every month the cultures were transferred 
over fresh slants with TA102 as an exception. It was transferred after every 
fifteen days. Stabs were prepared for longer storage. For longer storage 
glycerol cultures of the tester strains were prepared and stored at -80° C. 
MATERIALS 
Media for Ames Strains 
Medium for master plates and slants: The composition of the medium for 
Ames tester strains to prepare master plates and slants was as under: 
Sterile Agar 15g/9I0ml 
Sterile SOX VB Salts 20 ml 
Sterile 40% Glucose 50 ml 
Sterile histidine.HCl.H2O 10 ml 
(2g/400 ml H2O) 
Sterile O.SniM biotin 6 ml 
(30.9mgper250mlH2O) 
Sterile ampicillin solution 3.15 ml 
(8 mg/ml 0.02N NaOH) 
Sterile tetracycline solution 0.25 ml 
(8 mg/ml 0.02N HCI) 
Tetracycline solution was added only for use with the TA102 strain 
which is tetracycline resistant. 
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Agar and water was autoclaved for 20 minutes. Sterile glucose, SOX 
VB salts and histidine solutions were added to the hot solution. It was mixed 
and allowed to cool approximately to 50° C. After that sterile biotin, 
ampicillin and tetracycline solutions were added aseptically. 
Stock solution of SOX VB salts 
Stock solution of VB salts (50X) was prepared using the following 
ingredients: 
MgS04.7H20 10.0 g/1 
Citric acid monohydrate 100.0 g/1 
K2HPO4 (anhydrous) 500.0 g/1 
NaHNH4PO4.4H20 175.0 g/1 
The salts were added in the order indicated in a 2 litre beaker or flask 
containing 670 ml of water. Each salt was allowed to dissolve completely 
before adding the next. The volume was then made upto to 1 liter and 
distributed into two 1 litre glass bottles. This stock solution was autoclaved, 
loosely capped for 20 min at 121°C. 
After the solutions cooled down, the caps were tightened and stored at 4°C. 
Minimal Glucose Plates for Mutagenicity Assay 
Sterile 50X VB Sails 20 ml 
Sterile 40% Glucose 50 ml 
Sterile Agar 15 g/930 ml Distt H:0 
The above components were mixed with the molten agar and then 30 
ml was poured over each plate. 
Top Agar for Mutagenicity Assay: The top agar contained 0.6% Agar 
powder and 0.5%) NaCl, 10 ml of 0.5 mM histidine. Histidine- HCl /biotin 
was added to 100 ml of the molten agar and mixed thoroughly by swirling. 
0.5 mM histidine.HCI/biotin for mutagenicity assay 
Ingredient (Per 250 ml) 
D-Biotin (F.W. 247.3) 30.9 mg 
L-Histidine.HCl (F.W. 191.7) 24.0 mg 
Distilled H2O 250 ml 
Biotin was dissolved by heating the water to boiling point and then 
histidine was mixed to it and sterilized at 12I°C for 20 minute. 
Preparation of liver homogenate S9 fraction from rats: For the 
preparation of liver homogenate S9 fractions, the methods of Green et al. 
(1977) and Maron and Ames (1983) was followed. 
According to the method of Green et al. (1977) male Sprague Dawley 
rats weighing around 150 g were fed with 0.1% w/v sodium phenobarbital in 
their drinking water for 1 week. After this the animal was sacrificed by 
cervical dislocation ensuring the complete removal of blood before the 
excision of the liver. 
All the steps of the procedure were carried out aseptically and at 
temperatures between 0-4°C using cold, sterile solutions and glasswares. The 
freshly excised livers were placed in preweighed beakers containing 
approximately 1 ml of chilled 0.15 M KCl per gram of wet liver. One rat 
liver weighed approximately 10-15 g. After weighing, the livers were 
washed several times in fresh chilled KCl. The washed livers were 
transferred to a beaker containing 3 vol. of 0.15 M KCl (3 ml/g) wet li\er 
and were minced with sterile scissors, and homogenized in a Pottcr-
Elvehjem apparatus with a Teflon pestle or with a Polytron homogenizer. 
The homogenate was centrifuged for 10 min at 9000 g (approximately 8700 
rpm) in rotor no 2 of Hermle centrifuge and the supernatant (the S9 fraction) 
was decanted and saved. The sterility of the preparation was determined by 
plating 0.1 ml in minimal agar plate containing histidine and biotin. The 
freshly prepared S9 fraction was distributed in portions of 1 ml in 
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eppendorfs, frozen quickly in a bed of crushed dry ice, and stored at -80°C 
(Maron and Ames, 1983). 
Recipe for preparing various components of S9 mix 
1. Salt solution: 
Ingredient Per 500 ml 
Potassium chloride 61.5 g 
Magnesium chloride (MgCl2.6H20) 40.7 g 
Distilled H2O 500 ml 
The ingredients were dissolved in water. Autoclaved for 20 min at 
121°C and then stored at 4° C. 
2. 0.2 M phosphate buffer, pH 7.4 
Ingredient Per 500 ml 
0.2 M sodium dihydrogen phosphate 13.8 g 
(NaH2P04.H20) 
0.2 M disodium hydrogen phosphate 14.2 g 
If the pH was too low, more 0.2 M disodium hydrogen phosphate was 
added to adjust the pH at 7.4. This buffer was sterilzed by autoclaving at 
12 IT for 20 minutes. 
3. 0.1 M NADP solution (nicotinamide adenine dinucleotide phosphate) 
Ingredient Per 5 ml 
NADP (F.W. 765.4) 
Sterile distilled H.O 
4. 1 M GIucose-6-phosphate 
Ingredient 
Glucose-6-phosphate 
Sterile distilled H2O 
383 mg 
5 ml 
Per 10 m 
2.82 g 
10 ml 
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5.0 ml 
1.0 ml 
0.2 ml 
2.0 ml 
25.0 ml 
16.7 ml 
(10%) 
S9 mix (rat liver microsomal enzymes plus cofactors) 
Use: Mutagenicity assay 
Per 50 ml 
Ingredient Standard S9 mix High S9 mix 
Rat liver 2.0 ml (4%) 
MgC12-KCl 1.0 ml 
1 M Glucose-6-Phosphate 0.2 ml 
O.IMNADP 2.0 ml 
0.2 M phosphate buffer (pH 7.4) 25.0 ml 
Sterile Distilled H2O 19.7 ml 
The ingredients were mixed in the reverse order indicated above so 
that the liver should be added to the buffered solution. The solutions were 
always prepared fresh and kept on ice. 
Ames Fluctuation Test 
We followed the method of Green et al. (1977) who have used 
RNan"s (Ryan. 1955) modifications of the fluctuation test to develop a 
sensiti\e and simple mutation assay employing the Salmonella typhimurium 
strains. The components required for the Ames fluctuation test do not differ 
much from the components required by the Salmonella typhimurium strains 
for the mutagenicity testing by the plate incorporation test. 
The rcquireiiients of the Ames fluctuation test are as follows; 
1. 50XVB salts 
2. 20% Glucose 
3. 0.1% histidine (100 mg histidine was dissolved in 100 ml distilled 
water, sterilized by autoclaving at 121°C for 20 min) 
4. 0.1% biotin (100 mg biotin dissolved in 100 ml distilled water, 
sterilized by autoclaving at 121°C for 20 min). 
5. Bromocresol purple, 10 mg/ml ethanol. 
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Final concentrations of constituents for the Ames Fluctuation Test 
Incubation 
mixture 
Constituent 
Distilled H2O 
. SOX VB salts 
20% glucose 
0.1%biotin 
0.1%histidine 
(TA98) 
0.1% histidine 
(TA97a, TAIOO, 
TA102, TA104) 
Bacterial culture 
(Ml) 
50 
45 
2 
2 
1 
0.075 
0.05 
30 
Volume (ml) 
10 
9 
0.4 
0.4 
0.2 
0.015 
0.01 
6 
5 
4.5 
0.2 
0.2 
0.1 
0.0075 
0.005 
2.5 
2.25 
0.1 
0.1 
0.05 
0.00375 
0.0025 
1.5 
Final 
concentration 
-
2% 
0.8% 
20.0 ^g/ml 
1.5 |ig/ml 
l.O^g/ml 
1 
Composition of the 
Ingredient 
Sterile distilled 
H2O 
Sterile 20% 
Glucose 
Bromocreso] purple 
(lOmg/ml) 
selective 
1000 
959.5 
40.0 
0.5 
medium 
Volume (ml) 
500 
479.75 
20.0 
0.25 
200 
191.9 
8.0 
0.1 
100 
95.95 
4.0 
0.05 
Final 
concentration 
-
0.8% 
5.0 lag/ml 
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Media for E. coli K-12 strains: 
Nutrient broth (13 g/1): Nutrient broth obtained from Hi-Media (India) had 
the following composition. 
Peptone 5.0 g/1 
NaCl 5.0 g/1 
Beef extract 1.5 g/1 
Yeast extract 1.5 g/1 
pH (approx) 7.4+0.2 
Composition of Nutrient Agar/Hard used for making Nutrient Agar 
Plates 
Nutrient broth 13 g/1 distilled H2O 
Agar Agar Powder 15 g/1 distilled H2O 
MgS04.7H20 (O.OIM): It was used for making dilutions. The composition 
of 0.0J M MgS04.7H20 was as follows; 
Ingredient Per 500 ml 
MgS04.7H20 1.23 g 
Requirements o\ the Allium cepa test: 
1. Locally a\'ailable Allium cepa (pinkish red variety) of size around 10 
cm in circumference 
2. Test tubes/Boiling tubes (approx 100 ml) 
3. Test tube stands 
4. Hca\y metal salts (cadmium chloride, lead nitrate, mercuric chloride, 
potassium dichromalc and chromium chloride) 
5. Pesticides ( BHC, 2.4-D, carbaryl, malathion, DDT, endosulfan) 
Basic protocol of the AUium cepa test: 
The methods for Allium cepa test were as described by Fiskesjo (1985, 
1988) with slight modifications to suit the local conditions in our laboratory. 
Using a sharp knife, the yellowish brown scales and the bottom plates of the onion 
bulbs were removed. Test tubes filled with serial dilutions of toxicants were taken 
and one Allium cepa bulb was placed on the top of each test tube. The incubation at 
20 ± 5 °C was continued for 48 hours, after which the bulbs were used for enzyme 
analysis. 
Negative control for the Allium cepa test: Tap water, after passing through 
Aquaguard water purifier (Aquaguard, Mumbai, India) served as the 
negative control. It had the organic and inorganic impurities within the 
permissible limit. 
Statistical analysis: 
Each experiment was repeated thrice. Data were analysed using the 
students t-test and the results expressed as mean ± S.D of three 
independent replicates for all enzymatic analysis. 
Sample Collection: 
Wastewater samples were collected from the industrial areas of 
Aligarh and Ghaziabad cities of Northern India, strictly according to the 
method described in APHA (1985). Samples were collected in sterile glass 
bottles. Prior to use, the particulate matter was removed by means of 
filtration using Whatman No. 1 filter paper. After this, the test water 
samples were filter sterilized by passing them through 0.45 \xm filters. 
Oxygen Radical Scavengers 
Stock solution of SOD (50 \xglm\), catalase (25 |ig/ml), mannitol (4 mM) 
and ascorbate (4 niM) were prepared in sterile O.IM phosphate buffer (pH 7.8). 
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Table 1: The characteristics of Salmonella typhimurium strains 
used in the study 
Strain designation Relevant genetic 
markers 
Source 
TA97a 
uvrB, hisD6610,bio, 
rfa, R-factor plasmid-
pKMlOl, frame shift 
mutation at G-C site 
Prof. B.N.Ames 
TA98 
uvrB, hisD3052, bio, 
rfa, R-factor plasmid-
pKMlOl, frame shift 
mutation at G-C site 
Prof. B.N.Ames 
TAIOO 
uvrB, hlsG46, bio, 
rfa, R-factor plasmid-
pKMlOl, base pair 
substitution mutation 
at G-C site 
Prof. B.N.Ames 
TA102 
rfa, uvrB R-factor 
plasmid- pKMlOl, 
multicopy plasmid-
pAQl containing 
hisG428 auxotrophic 
marker transition 
mutation at A-T site 
Prof. B.N.Ames 
TA104 
uvrB, hisG428, rfa, R-
factor plasmid-
pKMlOl, transition 
mutation at A-T site 
Prof. B.N.Ames 
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Table 2: The characteristics of E.coli K-12 strains used in the study 
Strain 
designation 
Relevant genetic markers Source 
AB 1157 
AB1886 
AB2463 
fhr-I, araC14, leu B6, A(gpt-proA)62, 
lacYL tsx-33, qsr'', glnV44(AS), /L", RacO, 
hisG4(0c), rfbDl, mgl-51, rpoS396(Am), 
rpsL31(strR), kdgK51, xylA5, mtl-l, 
arg E3(0c), thi-1 
Dr. Mary, K. 
Berlyn Yale 
University 
U.S.A. 
thr-J, araCN, leu B6, A(gpl-proA) 62, 
lacYl, tsx-33, qsr'', glnV44(AS), 
galK2(0c), X, Rac-0, hisG4(0c), rfhDl, 
mgl-51, rpoS396(Am), rpsL31(strR), 
kdgK51, xylAS, mtl-larg E3(0c), thi-1, 
uvrA 6 
thr-1. araC14, leu B6, A(gpt-proA) 62, 
lacYl, tsx-33, qsr'', glnV44(AS). 
galK2(0c). ?:, Rac-0, hisG4(0c), rfbDl, 
rpsL31(strR), kdgKSl, xylA5, mtl-1, arg 
E3(0c), thi-1, recA13 
-do--
--do-
AB2480 
A(gpi-proA)62, lacYl, tsx-33?, 
gin J'44(AS)?, galK2(0c), A', recA13, 
rpsL3}(strR), or rpsl8,xylA5, mtl-1, thi-1, 
uvrA6 -do-
AB2494 
JW164 
JW165 
thr-1, araC14, leu 86, A(gpt-proA) 62. 
lacYl. tsx-33, glnV44(AS), galK2(0c), /.' 
Rac-0''. his G4(0c), rfbDl?. mgl-51?. 
rpsL31(strR), kdgK51?, xylA5, mtl-1. 
melBl, thi-1, lexAl 
lacZ53(Am, ?:), thyA36, lN(rrnD-rrnE)l. 
rpsL151(strR), rha-5, malB45, deoC2 
larZ53(Am. ?C. thyA36, lN(rrnD-rrnE)l. 
rpsL151(strR) .rha-5, malB45. deoC2. 
polAl(Am). 
-do-
-do--
-do-
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CAaptm III: 
Antioxidant enzymes of Allium 
cepa as biomarkers for the 
detection of toxic heavy metals in 
waste water 
INTRODUCTION 
In an attempt to define and measure the effect of pollutants on an 
ecosystem, biomarkers have attracted a lot of interest. The underlying 
principle of the biomarker approach is the analysis of an organism's 
physiological or biochemical response to pollutant exposure. This concept is 
derived from the idea that a toxic effect manifests itself at the sub cellular 
level before it becomes apparent at higher levels of biological organization. 
The measurement of biochemical responses to chemical contaminants may 
serve to improve the assessment of biologically significant exposures to 
toxic chemicals and enhance the ability to assess the risk of effects on the 
health and survival of toxicant exposed populations. When compared to 
chemical residue analysis, biomarkers have the advantage of being more 
relevant biologically (Rees, 1993). 
Studies for the identification of biomarkers of water pollution have 
been carried out extensively in animal system in general and in fish in 
particular (George et al., 1990; Oikari and Jimenez, 1992). Biomarker 
studies have also been conducted in many plants exposed to various 
environmental stresses fSomashekariah et a!.. 1992: Vitoria et al.. 2001). 
Enzymes of the detoxification machinery can serve as important markers of 
environmental pollution (Chaoui et al.. 1997; Filho et al., 2001) and a good 
correlation with pollutant levels further strengthens their utility as 
biomarkers iFernandes et al.. 2002). 
The utility of antioxidant enzymes as biomarkers of metal pollution 
was established by several investigators (Geret et al., 2002; Ferrat et al., 2003). 
Several lines of e\ idencc from various plant species reveal that heavy metals 
cause oxidative stress by mediating the activities of antioxidative enzymes 
(Luna et al., 1994; Cuyers et al.. 2000). It is well documented that heavy metal 
stress leads to sharp changes in the activities of certain enzymes like SOD, GR, 
CAT, APX, GPX and MDHAR (Chaoui et al., 1997; Cossu et al., 1997; 
Nagalaksmi and Prasad, 2001; Vitoria et al., 2001; Patisska et al., 2002; 
Shainberg et al., 2000; Panda et al., 2003). 
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One of the most abundant and ubiquitous detoxification enzyme 
families is the Glutathione-S-Transferase (GST) family. These enzymes play 
a pivotal role in inhibiting the cellular damage produced by a wide variety of 
structurally diverse carcinogens and endogenous toxins (Ansher et al., 1986; 
Rees, 1993; Jaiswal, 1994). The efficacy of GST as a biomarker has been 
investigated in fish collected from various polluted sites (Filho et al., 2001; 
Fernandes et al., 2002). It is also well documented that heavy metal stress 
leads to sharp changes in the activities of certain enzymes like SOD, CAT 
and GR (Gallego et al., 1996; Cossu et al., 1997). 
Allium cepa is the common onion and is widely used in all parts of 
the world as flavouring vegetable. Allium cepa root length inhibition 
bioassay has been recommended for the routine monitoring of water 
pollution since it is quite sensitive and valid indicator of toxicity (Fiskesjo, 
1985). The primary aim of this study was to evaluate the potential of the 
antioxidant/detoxification enzymes o{ Allium cepa for use as biomarkers of 
heavy metal pollution in water. This would further increase the efficacy of 
the Allium cepa test in routine water monitoring studies. 
MATERIALS AND METHODS 
1. Moderate exposure of Allium cepa to toxicants; The basic 
protocol of Fiskesjo (1985) was followed with slight modifications. 
Using a sharp knife, the yellowish brown scales and the bottom 
plates of the onion bulbs were removed. Test tubes filled with serial 
dilutions of toxicants (metals, waste water and metal mixture) were 
taken and one Allium cepa bulb was placed on the top of each test 
tube. Aquaguard purified water served as the negative control in all 
the experiments. The trcaimeni was continued for 48 hrs in the 
absence of light in a dark chamber at 20 ± 5 \ \ After 48 hrs, the 
onion bulbs were taken out and used for enzymatic studies. The 
concentrations of individual heavy metals used were in the range of 
1 to 10000 ^M. 
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2. Enzyme Extraction: Treated as well as untreated Allium cepa bulbs 
were cut into small pieces and homogenized with chilled sodium 
phosphate buffer (50 mM, pH 7.0) containing 1 mM EDTA. The 
homogenate was squeezed through muslin cloth and the extract thus 
obtained was centrifuged at 8000 rpm for 20 min at 4°C. The clear 
supernatant was stored at 0-4^C in 5 ml vials and was properly 
thawed prior to enzyme analysis. 
3. Enzymes analysis: 
(a) Glutathione-S-Transferase; CDNB (1-chloro, 2, 4 - dinitro 
benzene was used as the substrate and activity was measured as 
the amount of CDNB conjugate formed by recording the 
absorbance at 340 nm (Habig et al., 1974). 
(b) Glutathione Reductase: Oxidized glutathione (GSSG) was used 
as the substrate. Activity was measured as the decrease in 
NADH concentration by recording the absorbance at 340 nm 
(Carlberg and Mannervik, 1975). 
(c) Superoxide Dismutase: SOD activity was assayed by measuring 
its ability to inhibit the photochemical reduction of NET 
(Beauchamp and Fridovich, 1971). 
(d) Catalase: CAT activity was measured as the decrease in H2O2 
concentration by recording the absorbance at 240 nm (Claiborne, 
1985). 
(e) Ascorbate Peroxidase: APX activity was measured by the 
method of Nakano and Asada (1981). The reaction mixture 
contained phosphate buffer, sodium ascorbate and H2O2. The 
reaction was followed at 290 nm. 
(0 Glutathione Peroxidase: GPX activity was assayed according to 
the method described by Mohandas et al. (1984). The assay 
mixture consisted of phosphate buffer, EDTA, sodium azide. 
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Glutathione Reductase (3 units), GSH, NADPH and H2O2. 
Oxidation of NADPH was recorded at 340 nm. 
(g) Monodehydroascorbate Reductase: MDHAR activity was 
assayed by the method of Hossain et al. (1984). The reaction 
mixture contained Tris-HCl, NADH, ascorbate and 0.15 units of 
Ascorbate Oxidase. The reaction was monitored at 340 nm. 
(h) Dehydroascorbate Reductase: DHAR was assayed by the method 
of Hossain and Asada (1984). The reduction of dehydroascorbate 
to ascorbate was followed at 265 nm. 
4. Metabolite determination: 
a) Hydrogen peroxide: The amount of H2O2 was estimated by the 
horse radish peroxidase method (Pick and Keisari, 1980). 
b) Ascorbate: ASC content was estimated using the bipyridyl 
method as described by Knorzer et al. (1996). 
c) Glutathione: GSH levels were estimated by the method of 
Anderson (1958). 
5. Determination of protein concentration: Total protein was 
estimated by the method of Lowry et al. (1951). 
6. .Metal analy.sis: 25 ml of industrial waste water was digested by 
using nitric acid and perchloric acid as described in APHA (1985) 
for total metal analysis. The dissolved metals were analysed after 
filtration. Atomic absorption spectrophotometer GBC 932 plus was 
used for the heavy metal analysis. Standards were from SRL, India 
and ail the soiuiions were prepared in double distilled water. 
7. Cr (VI) estimation: Hexavalent chromium in the test water 
samples was estimated by reacting 1 ml of the test water sample 
with 1 ml of 1 N H2SO4 and 0.4 ml of the reagent ( 4.0 g phthalic 
acid and 0.25 g of 1,5-di phenyl carbazide in 100 ml of 95% 
alcohol) as described by Bartlett and James (1979). Amount of Cr 
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(Ill) present in the test samples was obtained by subtracting the 
value of Cr (VI) from total Cr. 
Metal mixture was prepared equivalent to the quantities of individual 
metals existing in the industrial wastewater of Aligarh city. The pH was 
around 4.8, similar to that of industrial wastewater. Undiluted an well as 
serially diluted metal mixture was then used for Allium cepa treatment and 
the treated onion bulbs were subsequently used for the enzymatic studies. 
8. Inhibitor studies: Experiments with individual heavy metals, 
industrial waste water and metal mixture, were done in the presence 
of 50 |ig/ml, cycloheximide (CHX), which is the inhibitor of 
eukaryotic protein synthesis. These studies were carried out to find 
out whether the increase in the activity of the test enzymes was at the 
synthesis or the activity level. Chloramphenicol (50 (ig/ml), a protein 
synthesis inhibitor acting on the ribosomal system of mitochondria 
and chloroplast, was also included in some experiments to ascertain 
the location of these enzymes. The concentrations of heavy metals 
were the same at which maximum induction was observed. 
RESULTS 
The antioxidant enzyme response of A.cepa to heavy metal treatment 
is depicted in Fig 1. Panel (a) of the figure shows the changes in 
Glutathione-S-Transferase activity after heavy metal treatment. Maximum 
induction (i.e. more than 3 times to that of control value) was observed with 
Hg "^  at a concentration of 1 mM followed by Pb^ "^  (3 times to that of control 
value). Cr also caused a sharp rise in GST activity at a concentration of 1 
mM (2 times to that of control value). However, at 10 mM all the four 
metals caused a decline in GST activity bringing it back to control levels. 
Fig 1(b) shows the changes in Glutathione Reductase activity after heavy 
metal treatment. Among the four metals tested, Hg^ "^  again caused the 
maximum induction of GR at a concentration of 10 ^M while as small as 40 
|iM Hg caused a drop in the enzyme activity. However, Pb * brought about 
GR induction upto a concentration of 70 ^M. When Pb^^ concentration was 
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further increased to 100 fiM, a sharp decline in GR activity was observed. A 
10 |iM solution of Cd^ "^  caused induction in the GR activity but higher 
concentrations of Cd^^ were all deleterious to the enzyme. Cr "^  did not 
bring about any significant change in the GR activity. 
Fig 2a and b present the changes in Superoxide Dismutase and 
Catalase activities respectively upon heavy metal treatment. As is evident 
from Fig 2a, Hg^ "*^  at a concentration of 40 |iM caused maximum induction 
of SOD activity (8 times that of control value) while Cd and Cr 
triggered SOD activity to attain its peak at 10 |iM. However, Pb^* caused 
maximum SOD induction at a concentration of 7.5 \iM. At higher doses of 
exposure (70 and 100 |iM), SOD activity showed a sharp decline. CAT 
induction (Fig 2b) was not as pronounced as that of GST or SOD. CAT 
showed enhanced activity upto a heavy metal concentration of 10 ^M after 
which it displayed a gradual decrease. 
Fig 3a shows the response of the test antioxidant enzymes in Allium 
cepa bulbs treated with wastewater collected from the industrial estate of 
Aligarh city. Undiluted wastewater sample reduced the GR and SOD 
activities to zero while GST was induced maximally. As the dilution was 
increased further (100 - 2000 fold), GR and SOD exhibited a rise in activity, 
with SOD showing higher induction. However, CAT activity did not show 
significant induction with respect to control. 
The antioxidant enzyme profiles shown by Allium cepa treated 
with the metal mixture, prepared equivalent to the quantities of individual 
metals existing in the wastewater are depicted in Fig 3b. Undiluted metal 
mixture resulted in the total inhibition of GR, SOD and CAT activities while 
GST showed a rise. However, when this metal mixture was diluted (100 to 
2000 times), GR. SOD and CAT also displayed enhanced activities 
compared with untreated controls. While GR and SOD showed profound 
increase, CAT exhibited a moderate rise only. This is in accordance with 
what we found in case of metals as well as in waste water treated Allium 
cepa bulbs. 
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The results of atomic absorption spectrophotometry are given in 
Table 1. Large amounts of heavy metals like Cd, Cr, Cu, Fe, Hg, Ni, Pb and 
Zn were detected in the test water sample. 
Fig 4 presents the changes recorded in the test antioxidant 
enzymes of Allium cepa bulbs exposed to individual metals, industrial waste 
water and metal mixture in the presence of cycloheximide (50|ig/ml). As is 
clear from the figure, the activities of all the test antioxidant enzymes 
returned to the values equal to those of untreated controls. 
Fig 5 shows the levels of hydrogen peroxide estimated in Allium 
cepa bulbs after treatment with individual heavy metals, industrial waste 
water and metal mixture. H2O2 levels increased upto a heavy metal 
concentration of 100 ^M with Hg^ "^  causing the maximum increase (Fig 5 a). 
After treatment with industrial waste water and metal mixture, H2O2 levels 
increased only when 1000 and 2000 fold diluted samples were used. 100 fold 
diluted and undiluted samples led to a decrease in H2O2 levels (Fig 5 b). 
Fig 6 and Fig 7 depict the changes in ASC and GSH levels 
respectively in A.cepa treated with individual heavy metals (Fig 6 a, 7 a), 
industrial waste water and metal mixture (Fig 6 b. 7 b). Both the ASC as 
well as GSH levels dropped upon exposure to heavy metals, industrial waste 
water and metal mixture. 
Fig 8 and Fig 9 present the changes in APX and GPX activity 
respectively xnA.cepa bulbs exposed to individual heavy metals (Fig 8a, 9a), 
industrial waste water and metal mixture (Fig 8b, 9b). APX and GPX 
showed profound increase in activities upon all the three treatments with 
Hg^ "^  once again causing the maximum effect among the heavy metals. 
10000 )iM Hg^ "^  caused about a 5 fold rise in APX activity and a 9 fold 
increase in GPX activity. Industrial waste water and metal mixture caused 
about 9 fold induction in GPX activity and a 5 fold rise in the APX activity. 
Fig 10 presents the changes recorded in MDHAR activity 
consequent upon toxicant exposure. MDHAR activity showed a rise in 
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response to individual heavy metals (Fig 10 a) as well as upon treatment with 
industrial waste water and metal mixture (Fig 10b). 
Fig II shows the response of APX, GPX and MDHAR of A.cepa 
in the presence of cycloheximide. As is clear from the figure, cycloheximide 
brought down the enzyme activity back to the level of untreated controls. 
DISCUSSION 
GST activity in Allium cepa showed an induction upto 1 mM heavy 
metal concentration and got inhibited at 10 mM metal concentration 
(Fig.la). The role of GST in detoxification is well documented (Jaiswal, 
1994). An increase in GST was observed in the marine phanerogram, 
Posidonia oceanica after exposing it to 1 |iM Hg'^ "*^  (Ferrat et al., 2002). This 
is in support of our data where significant (2 fold) induction of GST 
occurred at a heavy metal concentration of 1 ^M. However, Hg""^  and Pb "^  
caused greater induction of GST (3 fold) at a higher dose like 1 mM. A 
significantly enhanced GST activity was recorded even at lower metal 
concentrations making GST a good biomarker of metal stress. Increased 
GST levels have been reported in carps collected from a highly polluted 
river in Spain (Fernandes et al., 2002). The fact that GST is ubiquitous also 
makes it a more suitable biomarker (Dierickx, 1984; Stenersen et al., 1987). 
Fig 1(b), 2(a) and 2(b) present the changes in GR, SOD and CAT 
activities respectively upon heavy metal treatment. Induction was observed 
at lower metal concentrations while higher heavy metal concentrations led to 
enzyme inhibition. AH these findings are consistent with earlier reports 
(Chaoui et al., 1997; Schickler and Caspi, 1999; Stroinski, 1999). SOD 
activity increased with increase in the concentration of the heavy metals. 
Hg "^  caused a maximum rise in SOD at a concentration of 40 |iM while as 
the other test metals, namely Cd, Cr and Pb attained their maxima at 10 ^M. 
At higher concentrations, these metals led to an inhibition in SOD activity. 
This may be due to the initial increase in SOD activity as a result of the 
formation of ROS like Oi ' by heavy metal exposure. Superoxide is 
considered as the central component of the signal transduction which 
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triggers the genes responsible for antioxidant enzymes including SOD 
(Alavarez and Lamb, 1997). At higher heavy metal concentration, on the 
other hand SOD activity decreases presumably as a result of the binding of 
the metal ions to the active centre of the enzyme (Stroinski and Kozlowska, 
1997). SOD has three major isoforms in higher plants, the Cu-Zn SOD in 
thylakoid membranes as well as in the cytosol, Mn-SOD in the mitochondria 
and the Fe-SOD in the chloroplast. The changes in SOD presented in this 
study reflect the changes in total SOD and not a particular isoform. Due to 
the increase in SOD, H2O2 levels are expected to rise. This indeed proved to 
be the case (Fig 5). H2O2 increased in Allium cepa bulbs treated with 
individual heavy metals, industrial waste water and metal mixture. However, 
heavy metal concentrations greater than 100 ^M led to a decrease in H2O2 
levels. Industrial waste water and metal mixture also caused the rise in the 
concentrations of cellular H2O2 at higher dilutions but when undiluted 
samples were used, a fall in H2O2 was recorded. This may be due to the 
increase in the systems involved in the removal/scavenging of H2O2. 
Catalase and the peroxidases are the major enzymes involved in 
H2O2 detoxification. CAT did not exhibit any major change upon heavy 
meial exposure, suggesting that some other H2O2 scavenging enzymes may 
be active (Fig 2b). Therefore, APX (Fig 8) and GPX (Fig 9) activities were 
analyzed. Both APX and GPX showed significant rise with respect to the 
controls. At lower metal concentrations, the rise in APX and GPX was 
moderate but as the concentration of the heavy metals was increased both 
APX and GPX showed significantly high activities. It is known that GPX 
has higher affinity for H2O2 than CAT and thus it is effective in 
decomposing H2O2 (Halliwell, 1974). The significant increase in the 
activities of APX and GPX at higher concentrations of heavy metals may 
account for the decrease in H2O2 levels. 
It is a documented fact that the control of ROS can also be 
brought about by non enzymatic antioxidants like ascorbate and glutathione 
(Schutzendubel and Polle, 2002). Therefore, we measured the contents of 
ASC and GSH, the two key components of plant cells to dispose H2O2 (Del 
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Rio et al., 2002). Cellular levels of both ASC (Fig 6) and GSH (Fig 7) were 
found to be depleted in Allium cepa bulbs treated with individual heavy 
metals, waste water and metal mixture. It is well known that metals such as 
Hg, Cd and Pb in ionic form enhance the prooxidant status of a cell by 
reducing the GSH pool. Depletion of the GSH may be a result of GSH being 
consumed for phytochelatin synthesis (De Vos et al., 1992) or GSH may 
participate in the regeneration of reduced ascorbate by the GSH-ASC cycle 
(Asada, 1992). The decrease in GSH and ASC may also be due to the 
significantly increased activities of GPX and AFX respectively. Decrease in 
GSH as a result of heavy metal exposure has been reported by many 
investigators (Rao and Sresty, 2000; Okamoto et al., 2001; Mallick, 2004). 
Both the ASC and GSH need to be recycled back as they are the key 
antioxidants of the cell and also the substrates for the chief H2O2 scavenging 
enzymes, AFX and GFX. ASC is efficiently recycled back by the ASC-GSH 
cycle which involves enzymes like MDHAR and DHAR. MDHAR activity 
showed a rise in Allium cepa upon all the three treatments (Fig 10). MDHAR 
reduces the monodehydroascorbate radical, which is the partially oxidized 
form of ascorbate back to ascorbate and in the process uses NADFH. The 
increased MDHAR activity in this study suggests its role in heavy metal 
detoxification (Figure 10).-No change with respect to the control was 
observed in DHAR activity (data not shown) suggesting that a little of 
ascorbate is fully oxidized to the dehydroascorbate radical as a result of 
heavy metal exposure. Rather the conversion of the oxidized ASC to the 
reduced form is largely taken over by the MDHAR only. GSH is recycled 
back by the activity of glutathione reductase whose activity shoots up 
following exposure to heavy metals (Fig ] b), industrial waste water 
and metal mixture (Fig 3). Such a response of ASC and the enzymes 
involved in its metabolism has been demonstrated in many plants 
(Hernandez et al., 2001). 
The increase in the activity of GR upon heavy metal treatment can be 
explained by two completely different scenarios (i) the glutathione/ascorbate 
cycle is operating at a high rate in order to detoxify the reactive oxygen 
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species (ROS) formed as a result of heavy metal treatment, or (ii) 
glutathione has to be recycled back into the reduced form before its 
incorporation into phytochelatins. Rise in GR, SOD and CAT activities has 
been observed as a result of oxidative stress (Stevens et al., 1997). Since it 
was observed that ascorbate peroxidase activity also shoots up following 
exposure to metals, present findings would further suggest that glutathione / 
ascorbate cycle does play a role in the detoxification of heavy metal induced 
reactive oxygen species (ROS). These studies thus demonstrate that 
enhanced GR activity in Allium cepa could serve as a marker for the 
presence of Cd^ "^  in waste water since Cd^ "^  even at a dose of 5 fxM caused 
about 2 fold induction in GR activity while other metals caused significant 
GR induction at 10 ^M concentration. This has been reported earlier also 
(Chaoui et al., 1997; Stroinski, 1999). Similarly SOD could be a useful 
marker of Hg^ "*" contamination since there was an 8 fold increase in SOD 
activity when Allium cepa bulbs were treated with 40 |im Hg ^. Other metals 
like Cd'^ "^ , Pb^ "^  and Cr^ "^  also led to significant changes in SOD activity even 
at comparatively lower concentrations (1 and 5 |aM). Thus SOD could serve 
as a very useful marker for general heavy metal stress. SOD activity showed 
a rise in Scots pine roots treated with 50 jaM Cd^ "^  (Schutzendubel et al., 
2001). Our findings suggest that Allium cepa system is a better option for 
monitoring the changes in SOD as a result of metal stress, as in Allium cepa 
SOD gets induced at much lower metal concentrations (If^M). SOD has been 
reported to get induced in many plant species upon heavy metal exposure 
(Gallego et al.. 1996; Dalurzo et al., 1997; Malecka et al., 2001). 
7^ hus the role of SOD in heavy metal detoxification is supported by 
the present work. SOD is called the cell's first line of defense against ROS 
(Hassan and Scandalios. 1990). This is because superoxide radical is a 
precursor to several other highly reactive species so that control over the 
steady state of superoxide concentration by SOD constitutes an important 
protective mechanism (Fridovich, 1997). Interestingly, SOD is induced by 
its own substrate, the superoxide radical (Colepicolo et al., 1992; Allen and 
Tresini, 2000) and thus activation of cellular SOD may be an indication that 
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the cell was experiencing pollutant induced superoxide radical stress. 
Earlier workers have also suggested that a concomitant decrease in GSH 
and ASC levels can be an indicator of heavy metal stress (Nagalaksmi and 
Prasad, 2001; Okamoto et al., 2001; Mallick, 2004). Decreased GSH was 
found in the foliar tissues of P.oceanica from contaminated sites (Ferrat, 
2001; Ferrat et al., 2003). Rise in APX, GPX and MDHAR is also indicative 
of heavy metal stress suggesting that the cell was trying to detoxify the ROS 
and increasing the antioxidant pool (Patisska et al., 2002). 
Industrial wastewater showed similar enzyme activity profiles (Fig 
3a, 8b, 9b, 10 b) as shown by individual metals (Fig 1). This suggests the 
presence of toxic heavy metals in the test wastewater sample. This was 
further confirmed by atomic absorption spectrophotometry. The 
concentrations of Cd, Cu, Cr, Pb, Hg and Zn were found to be very high. 
This might be due to the strategic position of the area from where the test 
water sample was collected. Aligarh city is famous for lock manufacturing 
and electroplating industries. The effluents of these industries would 
essentially contain quite a large amount of metals like Cd, Cu, Cr and Zn. 
The city also houses the lead battery and thermometer manufacturing 
industries which accounts for the presence of high levels of Pb and Hg in the 
test water sample. Metal mixture also showed the same enzyme activity 
profiles (Fig3b, 8b. 9b, and 10b). The activities of all the test enzymes 
attained the values of untreated controls in the presence of cycloheximide, 
suggesting the role of de novo protein synthesis (Figs 4 and 11). 
Chloramphenicol, on the other hand had no effect (data not shown). Since 
chloramphenicol acts on the protein synthesizing machinery of the cellular 
organelles like mitochondria and the chioroplast. it can be concluded that all 
the test enzymes that show induction upon exposure to heavy metals are 
synthesized in the cytosolic compartment of the cell. 
Thus, the antioxidant enzyme studies in Allium cepa could be helpful 
in the early detection of heavy metals. It is well known that the antioxidant 
enzymes like GST, GR, SOD and CAT are sensitive biomarkers for the 
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evaluation of contaminated ecosystems (Steadman et al., 1991; Collier et al., 
1991;Cossuetal., 1997). 
In view of the present findings, it is suggested that variations in the 
antioxidant enzymes of Allium cepa can serve as useful biomarkers for the 
detection of heavy metal pollution in water. In fact. Allium cepa root 
inhibition test is a cost effective toxicity bioassay routinely used in water 
monitoring studies (Fiskesjo, 1985). Therefore, it is our contention that its 
efficacy would be greatly increased if enzymatic studies are also carried out 
in the same onion bulbs subjected to the standard Allium cepa toxicity 
bioassay. 
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Table 1: Concentrations of certain heavy metals in the waste water sample of 
Aligarh analysed by atomic absorption spectrophotometer 
Metal 
Cd 
Cu 
Cr 
Pb 
Zn 
Hg 
Ni 
Fe 
Cr (VI) 
Cr(III) 
Total (Mean* ± SD) 
878 ± 1.2 ppm 
564 ±9.1 ppm 
94 ±4.2 ppm 
324119.3 ppm 
242 ± 11.4 ppm 
242 ±12.8 ppb 
198 ± 1.2 ppm 
280 ±2.1 ppm 
55 ± 2.6 ppm 
39 ± 1.2 ppm 
Dissolved (Mean* ± SB ) 
472 ±2.9 ppm 
104 ±3.7 ppm 
44 ±2.1 ppm 
167 ±7.3 ppm 
93 ± 1.0 ppm 
87 ±19.2 ppb 
57 ±11.0 ppm 
87± 11.0 ppm 
13 ± 1.2 ppm 
31±2.7ppm 
* Each value is the mean of three independent replicates 
SD: Standard deviation 
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1 
&uvptm IV: 
Allium cepa derived EROD as a 
potential biomarker for the 
presence of certain pesticides in 
water 
INTRODUCTION 
Biochemical markers or biomarkers are measurable responses to the 
exposure of an organism to xenobiotics. They usually respond to the 
mechanism of toxicity rather than the presence of a specific toxicant and are 
increasingly being used as valid indicators of aquatic pollution (Gokosyr and 
Frolin, 1992; Michel et al., 1994; Fernandes et al., 2002). Among the most 
widely used biomarkers are the enzymes of the detoxification machinery as 
they show profound changes in activity upon toxic exposure (Jimenez and 
Stegemann, 1990; Mondon et al., 2001; Runs et al., 2002; Moore et al.. 
2003). 
Many field studies have shown an interest in the mechanism of 
cytochrome P450 (CYP) dependent mixed function oxidases with particular 
reference to ethoxy resorufin 0-deethylase (EROD) activity, as a response 
of the organism to the presence of pollutants in the aquatic environment 
(Payne et al., 1987; Aas et al., 2001; Bard et al., 2002; Moore et al.. 2003). 
The advantages of using EROD as a biomarker are specificity (Bucheli and 
Pent, 1995), high sensitivity (Arnic and Sen, 1994), feasibility and 
simplicity of its measurement (Burke et al., 1985). CYP450 activity measured 
in terms of EROD activity has been used as a biomarker of environmental 
pollution by a number of investigators (Nilsen et al., 1998; Anzenbacherova 
and Anzenbacher, 1999; Fernandes et al., 2002; Jonsson et al.. 2003). 
EROD activity has been shown to respond to a variety of organic 
pollutants like polychlorobiphenyls, polyaromatic hydrocarbons and 
different pesticides (Jung et al., 2001; Schlenk and DiGuilio, 2002; Fisher et 
al., 2003). Induction in EROD with respect to the control was observed in 
various systems for instance, in placenta of women environmentally exposed 
to organochlorines (Lagueux et al., 1999), in rats exposed to a polluted soil 
(Fouchecart et al., 1999) and in caged fish in the bay of Northwestern 
Mediterranean Sea (Stein et al., 1998). Moreover, there is conclusive proof 
that cytochrome P450 plays an important role in the detoxification processes 
in higher plants as well (Werck et al., 1990; Sandermann, 1992). 
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India is an agriculture based country using considerable 
amounts of pesticides. Hence pesticides are the major organic pollutants 
found in Indian water bodies as they are carried over from agricultural fields 
by run off (Rehana et al., 1995, 1996; Singh et ai., 2005a, 2005b). Due to 
the extensive use of pesticides, it is important to monitor pesticide levels in 
water samples. The commonly used techniques for pesticide analysis are 
HPLC and GC. However, these suffer from major disadvantages like high 
cost, extensive sample preparation and the clean up required. 
In the present chapter, an attempt has been made to use Allium cepa 
derived EROD activity analysis as a presumptive test for the detection of 
pesticide pollution in water samples. Allium cepa test is a well recommended 
bioassay used in water monitoring studies (Fiskesjo, 1985; Monarca et al., 
2003; BoUe et al., 2004). EROD was prepared from microsomal membranes 
as the endoplasmic reticulum cytochromes are not substrate specific and 
respond to a wide variety of toxicants (Siroka and Drastichova, 2004). 
EROD activity was analysed in Allium cepa exposed to six model 
pesticides viz. 2,4-dichlorophenoxy acetic acid (2,4-D), hexachlorobenzene 
(HCB), malathion (MAL), carbaryl . dichlorodiphenyl trichloroethane 
(DDT) and endosulfan as well as waste water samples collected from the 
industrial areas of Aiigarh and Ghaziabad cities of U.P.. India. 
MATERIALS AND METHODS 
1. Exposure oi Allium cepa to pesticides and waste water: The basic 
protocol of Fiskesjo (1985) was followed. Test tubes filled with 
different concentrations of individual test pesticides/ different 
dilutions of waste water samples/ pesticide mixture/ metal mixture/ 
pesticide-metal mixture, were taken and an Allium cepa bulb was 
placed on the top of each test tube. Aquaguard India Ltd purified 
water containing the organic and inorganic impurities within the 
permissible limit served as the negative control in all the experiments. 
DMSO' served as the solvent control while benzo(a)pyrene (BP) 
served as the positive control. The incubation was continued at 20 ± 5 
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"C for 48 hours in dark. The treated onion bulbs were then used for 
enzyme analysis. 
2. Enzyme extraction: Pesticide treated as well as untreated Allium 
cepa bulbs were homogenized with ice-cold 50 mM Tris-0.25 M 
sucrose (pH 8.0). The homogenate was then centrifuged under cold at 
10,000 g for 20 minutes. The supernatant fraction was recentrifuged 
at 100,000 g for 1 hour at 4V. The pelleted microsomes were 
resuspended in 100 |al of 50 mM Tris-0.25 M sucrose, aliquoted in 1 
ml fractions and finally frozen at -80 ° C until further analysis. 
3. Protein estimation: Total protein was estimated by the method of 
Lowry etal. (1951). 
4. EROD activity measurement: EROD assay was conducted according 
to the method of Burke and Mayer (1974). The general reaction 
mixture was prepared in a fluorimeter cuvette. 10 pi microsomal 
fraction was incubated in a final volume of 1 ml containing 96.5 mM 
potassium phosphate buffer, pH 7.4, 50 \xM ethoxyresorufin. The 
reaction was stopped by adding 2 ml of ice cold acetone. A baseline 
of fluorescence was recorded at an excitation wavelength of 510 nm 
and an emission wavelength of 586 nm with a Shimadzu RF1501 
spectrofluorimeter. A 10 pi aliquot of 0.25 mM NADPH was used to 
start the reaction and the progressive increase in fluorescence was 
recorded as ethoxyresorufin was deethylated to resorufin. The 
fluorimeter was calibrated with 0.01 mM resorufin. EROD activity 
was expressed as pmol resorufin formed/ min/ mg protein and the 
enzyme unit was defined accordingly. 
5. Pesticide analysis: 
5.1 Liquid-liquid extraction: Organochlorine and organophosphorus 
pesticides were extracted by the liquid-liquid extraction method as 
described by Singh et al. (1987). Three litre of the test water 
samples were shaken thrice with 50 ml of HPLC grade n-hexane and 
1 litre water samples. Thus, hexane extract had all the 
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organochlorine and the organophoshphorus pesticides except 
dimethoate. The n-hexane extracted water sample was re-extracted 
with 50 ml of HPLC grade chloroform for recovering dimethoate. 
The extracts were evaporated to dryness and volume was made upto 
1 ml. Before using, the samples were filtered through 0.45 |jm 
filters. 
5.2 HPLC analysis: The standard pesticides were prepared according to 
the method of Singh et al. (1987), filtered through a 0.45 |im 
membrane filter and stored at - 20 ^C. The standards as well as the 
extracts of water samples were chromatographed on a Waters 
Spherisorb 0DS2 column fitted in a Waters HPLC system (Waters 
Milfbrd, MA) containing a UV detector coupled to Millenium 2000 
software. The mobile phase was acetonitrile: water in a ratio of 
80:20, and the retention times were measured at 254 nm. 
6. EROD activity in the presence of cycloheximide: Allium cepa bulbs 
were exposed to individual pesticides as well as waste water 
samples in the presence of 100 fig/ml cycloheximide (CHX), an 
inhibitor of de novo microsomal protein synthesis. These studies 
were carried out to find whether the increase in the activity of 
EROD was at the synthesis or the activity level. The. concentration 
of pesticides was arbitrarily taken as 1.2 ppb that was shown to 
cause an appreciable increase in EROD activity in the absence of 
cycloheximide (Fig 1 a), the waste water samples were undiluted for 
this experiment. EROD activity was also analyzed in Allium cepa 
bulbs treated with some heavy metals i.e. Cd. Cu. Pb and Zn. Heavy 
metals were taken in concentrations in which (he\ were found to be 
present in AWW-
7. Metal analysis: 25 ml of waste water sample was digested by using 
nitric acid and perchloric acid as described .in APHA (1985) for 
total metal analysis. Atomic absorption spectrophotometer GBC 932 
plus was used for the heavy metal analysis. Standards were from 
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SRL, India and all the solutions were prepared in double distilled 
water. Cr (VI) was estimated as described in chapter III. 
RESULTS 
Fig la and b present the response of Allium cepa EROD after 
exposure to the test pesticides as well as the solvent and positive controls. 
The test pesticides caused the progressive increase in the EROD activity 
with increasing dose of pesticides taken in ppb only. Out of the six 
pesticides tested, carbaryl caused maximum rise in EROD (63 fold) as 
compared to the control at a dose of 1.2 ppb followed by HCB (53 fold rise 
at the same dose). Carbaryl levels as low as 0.2 ppb also caused significant 
increase in EROD (5 times to that of control) while HCB at a sim.ilar dose 
caused about 4 fold induction in EROD. DDT, 2,4-D, malathion and 
endosulfan also caused significant rise in EROD activity at a dose of 1.2 
ppb. Moreover, the response of Allium cepa EROD to different pesticides 
was dose-dependent. EROD activity exhibited a linear dose response effect 
with the test pesticides. 
Since the level of HCB/BHC found in GWW was 1.92 ppb (Table 1) 
the response of Allium cepa EROD at this concentration was also studied. 
EROD increased by about 90 fold upon exposure to 1.9 ppb of BHC (Fig 
la). 
Fig 2 depicts the EROD activity profile oi Allium cepa treated with 
different dilutions of waste water samples from Aligarh and Ghaziabad. The 
undiluted test water sample from Ghaziabad caused about a 68 fold rise in 
EROD activity while the sample from Aligarh did not cause any significant 
change. 
Fig 3 presents the response o^ Allium cepa EROD to pesticides/waste 
water treatment in the presence of cyclohexiniide. an inhibitor of de novo 
protein synthesis. Cycloheximide brought down the EROD activity similar 
to the background levels in the pesticide as well as waste water treated 
Allium cepa bulbs. 
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Fig 4 depicts the response of Allium cepa EROD to heavy metal 
exposure. Eight hundred and seventy eight ppm of Cd (i.e. the 
concentration present in AWW: chapter III) dropped the EROD activity to 5 
±1.9 units from a control value of 33± 4.8 units while 324 ppm of Pb 
reduced EROD to 9 ±7.4 activity units. EROD activity in the presence of 
564 ppm Cu^ "^  was 10 ± 6.8 units and its value dropped to 10 ± 6.5 units in 
the presence of 242 ppm Zn . 
Table 1 shows the amount of different organochlorine pesticides 
present in the test water samples as quantitated by HPLC. Much higher 
pesticide levels were detected in the Ghaziabad samples than those from 
Aligarh. The amount of 2,4-D in the Ghaziabad sample was 1.28 ppb as 
opposed to 0.07 ppb in the sample from Aligarh. a-HCB present in the 
Ghaziabad sample was 1.92 ppb and 0.07 ppb in the sample from Aligarh. 
Other pesticides tested were also present in significantly higher amounts in 
the Ghaziabad sample as compared to the sample from Aligarh. 
Table 2 lists the levels of different organophosphorus pesticides 
detected in the test samples. Malathion was present at a level of 0.64 ppb in 
the sample from Ghaziabad while the concentration of malathion detected in 
the Aligarh sample was 0.09 ppb. The other two organophosphorus 
pesticides tested \iz. dimethoate and methyl parathion were estimated to be 
0.75 and 0.49 ppb respectively in the water sample from Ghaziabad and 0.19 
and 0.12 ppb in the sample from Aligarh. 
Table 3 presents the levels of different heavy metals present in the 
Ghaziabad sample (GWW) as estimated by atomic absorption 
spectrophotometery. Heavy metals like Cd, Cu. Pb and Zn were present but 
not in as much concentrations as found in AWW (chapter 111) 
Fig 5 presents the response of Allium cepa EROD upon exposure to 
pesticide mixtures containing the test pesticides equal to the amounts present 
in the test water samples. Upon exposure to the pesticide mixture 
coiresponding to the levels of pesticides in Ghaziabad waste water 
(abbreviated as PMG), a 100 fold rise in EROD was observed. Pesticide 
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mixture corresponding to the levels of pesticides present in Aligarh waste 
water (abbreviated as PMA), resulted in about a 9 fold rise in EROD. 
Fig 6 depicts the response of Allium cepa EROD when exposed to 
metal mixtures containing the metals equivalent to the concentrations in 
which they were detected in the test samples (Table 3 and chapter III). Metal 
mixture corresponding to GWW (i.e. MMG) caused about 56 % inhibition in 
EROD activity while the metal mixture equivalent to AWW (abbreviated as 
MMA) resulted in 98% inhibition of Allium cepa EROD. 
Fig 7 shows the response of Allium cepa EROD to mixtures 
containing pesticides as well as heavy metals corresponding to their levels in 
the test water samples. Pesticide-metal mixture corresponding to GWW (i.e. 
MG) led to 67 fold rise in EROD activity while the pesticide-metal mixture 
equivalent to AWW (i.e. MA) could not bring about any significant 
induction in EROD. 
DISCUSSION 
EROD activity in Allium cepa upon pesticide exposure jacked up remarkably 
upto the extent of 63 times with respect to control even at a dose of 1.2 ppb 
of carbar)l (Fig 1 b) and 53 times in case of HCB at the same dose (Fig 1 a) 
while benzo(a)pyrene, run as positive control, caused about 76 fold 
induction in EROD. The wide range between the basal and the induced 
activity makes Allium cepa EROD a good biomarker of pesticide pollution. 
EROD activity in various organisms other than Allium cepa has 
been established as a useful biomarker in a number of field investigations of 
industrial effiuents, contaminated sediments and chemical spills (Fouchecart 
et ai.. 1999; Whyie el ai., 2000). Interestingly, carbaryl and HCB caused an 
appreciable increase in EROD activity of this test organism even at a level 
of 0.2 ppb further strengthening its validity as a sensitive biomarker of these 
pesticides. EROD activity in Allium cepa exhibited significant increase 
upon exposure with other test pesticides as well. Malathion, DDT and 
endosulfan caused about 30 fold induction in EROD at a dose of 1.2 ppb 
while 2,4-D caused about 40 fold rise in EROD. 
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Induction in EROD activity in fish has been reported upon 
exposure to endosuifan and DDT (Jensen et al., 1991), although the response 
was not as significant as observed in our case. However, most of the studies 
conducted in fish have reported significant induction in EROD following 
exposure to classical CYPlAl inducers such as PAHs, PCBs (Peters et al., 
1994; Arnic et al., 2000). Contrary to the above, pesticide exposure to fish 
led only to mild inducfion in EROD (Jensen et al., 1991; Savelli et al., 
1997). Therefore, it is suggested that Allium cepa EROD, due to its better 
response towards the test pesticides may act as a more suitable biomarker 
for their detection in water samples. Moreover, EROD activity in Allium 
cepa exhibited a linear dose response effect i.e. activity showed an increase 
with increase in the concentration of the test pesticides. 
Fig 3 presents the effect of cycloheximide, a de novo protein 
synthesis inhibitor on the EROD activity in Allium cepa. Cycloheximide 
brought the activity back to that found in untreated control levels in both the 
pesticide treated as well as waste water treated Allium cepa bulbs suggesting 
that EROD in Allium cepa is an inducible enzyme whose expression is 
enhanced by pesticide exposure. This is supported by earlier studies wherein 
it has shown to be induced in response to xenobiotic exposure (Jimenez and 
Stegemann, 1990; Fouchecart et al., 1999: Lagueux et al., 1999; Fernandes 
et al., 2002). 
The role of aryl hydrocarbon receptor (AhR) has been discussed in 
the activation of CYPIAI/EROD by several environmental pollutants like 
PAHs (Swanson and Bradfield, 1993; Okey et al., 1994). Some investigators 
have also proposed the mechanism of EROD induction based on the 
structural - functional relationships of the ligands (Navas et al., 2004). 
According to that mechanism, the ligands like PAH (polycyclic aromatic 
hydrocarbons), PCDD (polychlorinated di benzo p-dioxins), PCB (poly 
chloro biphenyls) etc activate the AhR, which in its inacfive form resides in 
the cytoplasm, in a complex with the molecular chaperones, hsp 90 and p23 
(Petrulis and Perdew, 2002). Upon binding of a ligand, the receptor 
translocates to the nucleus where it dimerises with arnt i.e. AhR nuclear 
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translocator (Swanson et al., 1995). The AhR-arnt heterodimer binds to 
specific xenobiotic response elements (XREs) present in the target genes, of 
which the best characterized is the CYPlAl gene (James and Whitlock, 
1999). The interesting point to be emphasized here is that all those ligands 
mentioned above have a planar or an energetically co planar ring system in 
common (Waller and McKinney, 1995; Lewis, 1997). CYPlAl specific 
chemicals are also characterized by a high degree of molecular planarity 
coupled with a generally rectangular planar shape of 14x7 A (Lewis, 1997). 
From a structural point of view CYPlAl inducers have been 
classified into three groups by Navas et al. (2004): 
1) Compounds having at least two aromatic rings in a plane, with a very 
low conformational mobility. This is the case of TCDD (Safe, 1995). 
This compound has been considered as a typical AhR ligand and 
CYPlAl inducer (Navas et al., 2003). 
2) Molecules with conformational mobility i.e. they exist in a variety of 
conformers that are separated by small energy differences so that the 
interconversion between them can be readily achieved. These 
compounds have been described as low affinity AhR ligands and 
CYPlAl inducers (Anderson et al.. 1996). 
3) Compounds having at least two aromatic rings linked by a sp carbon 
in their structure. Due to steric requirements of the tetrahedral carbon 
atom, the conformations having two aromatic rings in the same plane 
are energetically unfavorable. 
Therefore, any inducer of CYPlAl /EROD is expected to have a 
classical chemical structure for binding to the AhR. However, the pesticides 
used in our study do not fit in the standard requirements laid down by the 
previous workers (Navas et al., 2004) because 2,4-D and HCB both have 
single aromatic ring structure, while malathion and endosulfan both lack 
the aromatic ring. On the other hand, DDT has two aromatic rings but they 
are not planar. Interestingly, carbaryl has two aromatic rings in the same 
plane but the dimensions (9.19x 7.4 A°) are too small to fit into the ligand 
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binding site of AhR (Sandoz et al., 2000). Therefore, an alternative 
mechanism may be responsible for the activation of the CYPlAl gene by the 
test pesticides in our system. Indeed carbaryl has been shown to induce 
CYPlAl gene expression which is not mediated by AhR binding (Ledirac et 
al , 1997). 
Hence the test pesticides may activate the transcription of the 
CYPlAl gene through the transformation of AhR into a DNA binding form, 
without actually binding to the AhR. According to Lesca et al. (1995), such 
type of CYPlAl activation may be a result of the weakening of the 
interactions between AhR and hsp90 thus releasing the AhR to translocate to 
the nucleus and activate the CYPlAl gene. Indeed several recent studies 
have described some ligand independent-activation mechanisms of AhR 
(Gradelet et al., 1997; Backlund et al., 1999; Navas et al., 2004). According 
to Lesca et al. (1995) phosphorylation could be involved in the 
transformation and activation of the AhR without the intervention of any 
ligand. The DNA binding activity of the AhR complex appears to be 
dependent on phosphorylation as XRE binding of the heterodimer is lost 
upon phosphatase treatment in vitro (Pongratz et al.. 1991). This hypothesis 
has been further developed by Backlund and Ingelman-Sundberg (2005) 
when they showed the activation of AhR in a ligand independent manner via 
a signal transduction pathway that involves protein tyrosine kinases different 
from the mechanism exerted by high affinity ligands. Many compounds like 
omeprazole (Backlund et al., 1999), benzylimidazole (Lesca et al., 1995) and 
clotrimazole (Navas et al., 2004) are not AhR ligands but are capable of 
mediating AhR dependent activation of CYPlAl gene resulting in EROD 
induction. 
Treatraent of onion bulbs with the industrial waste water from 
Ghaziabad resulted in the tremendous increase in the EROD activity strongly 
suggesting for the presence of EROD inducers in the test water sample. 
EROD activity in Allium cepa exposed to pesticide mixture (PMG) and with 
the most prevalent pesticide HCB/BHC (1.9 ppb) was higher as compared to 
that in waste water (GWW) treated Allium cepa bulbs. This was quite 
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unexpected as GWW was found to contain a high concentration of the test 
pesticides (Tables I and 2). Since heavy metals are known to be specific 
inhibitors of CYP450 / EROD (Ghosh et al., 2001; Siroka and Drastichova, 
2004), it was assumed that the EROD induction by the pesticides may be 
somewhat inhibited by the presence of metals. Indeed, individual metals (Fig 
4) and metal mixture prepared equivalent to the metals present in GWW (Fig 
6) inhibited EROD to a significant extent. Moreover, when a mixture of 
pesticides and metals was taken (Fig 7), it caused about 67 fold induction in 
EROD which is comparable to 68 fold induction caused by undiluted GWW 
(Fig 2). All these results imply that the test pesticides alone lead to EROD 
induction while the test heavy metals alone cause inhibition in EROD 
activity. However, when present together, the induction caused by the test 
pesticides is compensated by the inhibition due to heavy metals. As a result, 
waste water which contained both these toxicants could show comparatively 
lower induction than when pesticides alone would be present. 
Small amounts of pesticides were also detected in AWW (Tables 1 
and 2). It was apparently surprising to find pesticides in the Aligarh water 
sample within the experimental range of EROD but still it did not show any 
significant rise in activity. This disparity could be explained by the fact that 
Aligarh city houses several small scale electroplating industries presumably 
spilling out the heavy metals at very high concentrations which was in fact 
confirmed by atomic absorption studies (chapter III. Table 1). The test 
metals i.e. Cd, Cu, Pb and Zn completely inhibited EROD activity reducing 
it to almost zero levels (Fig 4). Moreo\er, when metal mixture prepared 
equivalent to the metals present in AWW(chapter III) was used (Fig 6). 98% 
inhibition in EROD acti^/ity was recorded while pesticide mixture 
corresponding to AWW (Fig 5) caused about 9 fold induction in EROD. 
However, upon exposure to a pesticide-metal mixture corresponding to 
AWW, no significant increase in EROD was recorded (Fig 7). Undiluted 
AWW (Fig 2) also did not lead to a significant rise in EROD. It is thus quite 
plausible that the inhibition of EROD brought about by the metals would 
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compensate for the induction of EROD caused by the pesticides present in 
the test water sample. 
Allium cepa EROD, owing to its sensitivity and the wide range 
between the basal and the induced level is recommended as a biomarker for 
the detection of certain pesticide residues in water samples. EROD assay in 
Allium cepa system can thus be used as a presumptive test for the presence 
of these pesticides in the test water sample before using expensive analytical 
techniques like HPLC and GC. 
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Table 1: The total organochlorine pesticides present in the waste water 
samples collected from Aligarh and Ghaziabad cities of India 
detected by HPLC 
Organochlorine 
pesticides 
Levels(ppb) of organochlorine pesticides detected in 
the water samples at 
Aligarh (AWW) Ghaziabad(GWW) 
Aldrin 
a-HCB/BHC 
DDD 
DDT 
Dieldrin 
Endosulphan 
Endrin 
2.4-D 
0.14 
0.07 
0.19 
0.19 
0.17 
0.11 
0.17 
0.07 
0.58 
1.92 
0.20 
0.47 
0.92 
0.99 
0.99 
1.28 
Table 2: The total organophosphorus pesticides present in waste water 
samples collected from Aligarh and Ghaziabad cities of India 
detected by HPLC 
Organophosphorus 
pesticides 
Malathion 
Dimethoate 
Methylparathion 
Levels (ppb) of organophoshphorus pesticides 
detected in the water samples at 
Aligarh (AWW) 
0.09 
0.19 
0.12 
Ghaziabad(GWW) 
0.64 
0.75 
0.49 
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Table 3: Concentrations of certain heavy metals in the waste water sample 
of Ghaziabad analyzed by atomic absorption spectrophotometer 
Metal 
Cd 
Cu 
CT 
Pb 
Zn 
Hg 
Ni 
Fe 
CT (VI) 
Cr(III) 
Total (Mean* ± SD) 
8.5 + 1.2 ppm 
2.2 + 0.7 ppm 
9.0 ± 2.8 ppm 
10.0 + 2.4 ppm 
8.0 ± 2.4 ppm 
3.0 ±1.8 ppb 
11.0 + 4.7 ppm 
18.0 + 8.7 ppm 
4.0+1.1 ppm 
5.0 ± 2.6 ppm 
Dissolved (Mean* ± SD ) 
2.3 + 1.9 ppm 
0.2+ 0.1 ppm 
2.0 + 0.9 ppm 
4.0 +0.3 ppm 
2.0 + 0.1 ppm 
ND 
5.0 +1.1 ppm 
7.0 + 1.1 ppm 
ND 
2.0 + 0.9 ppm 
* Each value is the mean of three independent replicates 
SD: Standard Deviation. 
ND; Not Detected 
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Gfiapte^ V: 
Probable role of SOS repair and 
reactive oxygen species in the 
DNA damage induced by the test 
water samples: A case of 
biomarkers of genotoxicity in 
bacterial system 
mm 
INTRODUCTION 
The ability of an organism to survive in an environment specifically 
damaging to its DNA can be attributed to a variety of inherent repair 
mechanisms (Modrich, 1991; Zhou and Elledge, 2000). The role of the repair 
machinery is to maintain the integrity of the cellular DNA and if the repair 
system is inadequate, cell death may occur (Brazmanova et al., 2001; 
Peltomaki, 2001). 
While testing chemicals for genotoxicity, DNA repair assays take a 
prominent position (Hellmer and Boldsfoldi, 1992; MuUer and Janz, 1992). 
Several repair assays have been developed by a number of investigators 
(Green et al., 1976; Ilinskaya et al., 1995). These tests estimate the extent of 
DNA damage based on the expression of SOS genes in the treated bacterial 
ceils (Gottesman, 1981; Garvey et al., 1985), which would in turn serve as 
better biomarkers of genotoxicity of the test samples. Bacterial tests 
employing DNA repair defective mutants have been used extensively for the 
study of genotoxicity of water samples (Duwat et al., 1995: Malik and 
Ahmad. 1995; Rehana et al., 1996). The use of these mutants gives an idea 
about the particular genes involved in the repair machinery of the toxicant 
induced DNA damage (Strauss, 1989; Qadri et a!.. 1992) as well as the type 
of lesions produced in DNA. 
Many tests that evaluate the in vitro DNA damage are also used in 
routine water monitoring studies. Among them, the plasmid nicking assay 
has been widely used and is a valid indicator of genotoxicity (Khan et al.. 
2003). 
Water pollutants like heavy metals and pesiicides are known to 
produce reactive oxygen species like the superoxide and the hydroxyl 
radicals which in turn may account for their genotoxicity (Tapley et al., 
1999; Chandra and Khuda-Buksh, 2004). 
In the present chapter, DNA repair assay employing defective mutants 
of E.coli K12 and the plasmid nicking assay have been used to estimate the 
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genotoxicity of waste water samples collected from Aligarh and Ghaziabad 
cities of Northern, India. Moreover, both the assays have been coupled to 
ROS scavengers to establish the role of oxidative stress in DNA damage and 
repair. 
MATERIALS AND METHODS 
1. Bacterial growth media and strains: The media and their components 
for the growth of E. coli K12 strains were obtained from Hi-Media (India) 
Ltd and have been discussed in chapter II. The genetic markers 
associated v^ith the various E.coli strains used in this study are also given 
in chapter II. 
2. Treatment of E.coli K12 with the waste water samples: The survival of 
DNA repair defective single and double mutants along with the isogenic 
wild type strains of E.coli K12 was determined following the established 
procedure (Rehana et al., 1995). The bacterial cells were harvested by 
centrifugation from exponentially growing cultures (1 x 10 viable 
counts/ml). The pellets so obtained were suspended in 0.01 M MgS04 
solution and treated with an equal volume of the test samples. Aliquots 
were withdrawn al regular intervals of two hours upto six hours, suitably 
diluted and plated to assay the colony forming ability of the cells. 
3. Plasmid nicking assay: This assay was carried out as described by 
Rahman et al. (1990). 0.5 |ig of covalently closed circular pBR322 DNA 
was treated with the test samples in a total volume of 30 |il for 3 hours. 
After the treatment, 8 pi of 5x tracking dye [40 mM EDTA, 0.05% 
bromophenol blue and 50 % (v/v) glycerol] was added and loaded on 1% 
agarose gel. The gel was run at 50 mA for 2 hours and stained with 
ethidium bromide (0.5 fjg/1) for 30 minutes at room temperature. After 
washing, the gel was visualized on photodyne UV-transilluminator 
(USA) and photographed. 
4. Free radical scavenger studies: ROS scavengers, mannitol (4 mM), SOD 
(50|ig/ml), CAT (25 |ig /ml) and ascorbate (4 mM) were also included in 
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some experiments in the E.coli K12 survival as well as the plasmid 
nicking assays. 
5. Total organic carbon analysis: Total organic carbon in the test water 
samples was estimated by using TOC analyzer model analytikjena multi 
N/C 2000 (Germany). 
RESULTS 
1. Survival oi E.coli K12 strains exposed to different water samples 
1.1 Survival pattern oi E.coli K12 treated with Ghaziabad waste water 
(GWW) and Aligarh waste water (AWW) 
Fig 1 presents the survival pattern of E.coli K12 treated with a) GWW 
and, b) AWW. The recAuvrA double mutant was the most sensitive to killing 
action by both the samples with the percent survival reducing to O.I in case 
of GWW and 0.2 in case of AWW after 6 hrs exposure. The recA strain was 
the second most sensitive strain having a survival of 4 % with both the test 
samples. However, uvrA was more sensitive than the polA with the survival 
of uvrA being 6% in case of GWW and 10% for AWW. The poIA mutant was 
more sensitive towards AWW (5%) than GWW (21%) after a treatment of 6 
hrs. The lexA mutant showed higher sensitivity towards GWW (8%) than 
that for AWW (20%). The order of sensitivity was as under: 
recAnvrA> recA > uvrA>IexA > polA following exposure to GWW, and 
recAuvrA> recA > polA> uvrA> lexA with AWW 
1.2 Survival pattern of E.coli K12 treated with GWW and AWW in the 
presence of mannitol 
Fig 2 presents the survival pattern of E.coli KI2 treated with a) 
GWW, and b) AWW, in the presence of mannitol. This hydroxyl radical 
scavenger was quite effective in improving the survival of E.coli cells 
treated with AWW while such an effect was not observed with GWW. In 
case of AWW, the survival of recAuvrA mutant increased to 89% from 0.2% 
in the presence of mannitol after 6 hrs. The uvrA mutant displayed an 
86 
increase in survival from 10 to 96% and the recA mutant showed an increase 
from 4% to 84 %. 
1.3 Survival pattern of E.coli K12 treated with GWW and AWW in the 
presence of superoxide dismutase (SOD) 
Fig 3 depicts the survival pattern of E.coli K12 treated with a) GWW, 
and b) AWW in the presence of SOD. Supplementation of this superoxide 
radical scavenger in the treatment system remarkably improved the survival 
of E.coli K12 mutants following treatment with GWW while there was only 
a marginal improvement in case of AWW. The survival of recAuvrA double 
mutant after treatment for 6 hrs with GWW increased to 87% from 0.1% in 
the presence of SOD. Whereas the uvrA and recA mutants both exhibited a 
remarkable enhancement from less than 10% to more than 80% after 
exposure to GWW for 6 hrs in the presence of SOD. 
1.4 Survival pattern of E.coli K12 treated with GWW and AWW in the 
presence of catalase (CAT) 
Fig 4 presents the survival pattern of E.coli K12 treated with a) 
GWW, and b) AWW in the presence of CAT. The H2O2 scavenger was more 
or less equally effective in improving the survival of the E.coli K12 mutants 
after treatment with both the samples. The maximum enhancement in the 
survival to the extent of more than 60%) was found with the double mutant, 
uvrArecA. in GWW as well as in AWW treated cells. In the uvrA cells 
treated with GWW, the survival increased from 7% to 68%) in the presence 
of CAT while an increase in survival from 10 to 59% was recorded in case 
of AWW. Moreover, CAT brought about a remarkable protective effect (4 to 
90%) on the recA mutant exposed to GWW. 
1.5 Survival pattern of E.coli K12 treated with GWW and AWW in the 
presence of ascorbate (ASC) 
Fig 5 represents the survival pattern of E.coli K12 treated with a) 
GWW, and b) AWW in the presence of ASC. There was a remarkable 
increase in the survival of E.coli KI2 mutants after exposure to both the test 
samples in the presence of ascorbate. Exposure of recAuvrA double mutant 
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to GWW for 6 hrs resulted in tremendous increase in survival from 0.1 to 
65% in the presence of ASC, while this antioxidant could enhance the 
survival of the double mutant from 0.2 to 61% in case of AWW exposure. 
In uvrA cells, the survival showed an increase from 7 to 70%) against GWW 
and 10 to 52% following exposure to AWW in the presence of ascorbate. 
Increase in the survival of the recA mutant during 6 hr exposure in the 
presence of ASC was from 4 to 76% with GWW and 5 to 65% with AWW. 
2. Plasmid nicking assay 
2.1 Plasmid nicking assay with GWW and AWW 
Fig 6 presents the results of the plasmid nicking assay with GWW in 
panel 'A' and AWW in panel 'B ' . 20 fxl of GWW resulted in the conversion 
of the supercoiled pBR322 DNA to the relaxed form (lane b, 6A) while 50 ^l 
of GWW (lane e, 68) resulted in the linearization of the plasmid. 30 ^1 of 
AWW resulted in the conversion of the plasmid DNA into the linear form 
(lane e, 68) 
2.2 Plasmid nicking assay with GWW and AWW in the presence of free 
radical scavengers 
Fig 7 shows the DNA band pattern in the plasmid nicking assa}' with 
GWW in panel 'A' and AWW in panel ' 8 ' in the presence of various free 
radical scavengers. SOD. CAT and ASC were effective in preventing the 
linearization of the plasmid DNA by GWW (lanes d, e, f, 7A) while 
mannitol (lane c) could not inhibit the conversion of the plasmid to the 
linear form. However, in case of AWW ( Fig 78), mannitol ( lane c) was 
effective in preventing the conversion of the CC form to the linear form as 
were CAT (lane e) and ASC ( lane f) . SOD (lane d) could not prevent the 
formation of the linear species of the plasmid in case of AWW. 
3. TOG analysis: Table 1 presents the data of the total organic carbon 
analysis of the test samples. The TOC content of GWW was as high as 
3700 ppm contrary to 700 ppm in Aligarh waste water. 
88 
DISCUSSION 
Genotoxicity of Indian surface waters has been a matter of investigation 
for the last 10 years (Malik and Ahmad, 1995; Rehana et al., 1995, 1996, 
Siddiqui and Ahmad, 2003). Present study also establishes the genotoxic 
potential of the test water samples in terms of the significantly decreased 
survival of the DNA repair defective mutants of E.coli K12 (Fig 1). The double 
mutant recAuvrA was the most sensitive strain to the killing effect of both the 
samples suggesting the generation of lesions repairable by both the pathways. 
Among the single mutants, recA was found to be the most sensitive strain 
against the damage brought about by both the samples thereby suggesting the 
predominant role of recA mediated pathway in the test water induced lesions. 
However, uvrA and lexA mutants were relatively more sensitive towards GWW 
as compared to the polA mutant which showed higher sensitivity towards 
AWW. The difference in the sensitivity pattern of the mutants towards the two 
samples suggests the induction of different lesions in DNA owing to the 
different chemical composition of the two test samples (chapters 111 and IV). 
Contrary to GWW samples, the heavy metals were detected in remarkably 
higher concentrations in AWW (chapter III). These heavy metals in the water 
sample may lead to the generation of hydroxyl radicals via a Fenton type 
reaction (Fenton, 1894). Since copper was the most prevalent heavy metal in 
AWW. it may be the major contributor towards the generation of the hydroxyl 
radical. M oreover. the level of Cr (VI) detected in AWW was also remarkabl\' 
high (chapter III). Higher levels of Cr (VI) may also lead to the predominant 
generation of OH radicals by this test sample as Cr(Vl) is known to produce 
ROS which are responsible for nearly all of its toxicity and genotoxicity (Shi 
and Dalai, 1990). Interestingly, the protective effect of hydroxy! radical 
scavenger, mannitol supported our contention (Fig 2), 
The minute observation of Fig lb reveals the higher sensitivity of 
polA mutant compared to the uvrA and lexA mutants. This clearly suggests 
the formation of ssbs in the DNA induced by the test water sample as 
evidenced by the previous workers (Srivastava, 1973) as well as in the 
present study conducted by means of the plasmid nicking assay (Fig 6 b). 
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The role of the hydroxyl radical in causing strand scission in DNA leading 
to the generation of ssbs is well documented (Goldstein and Czapski, 1986; 
Buschfort and Witte, 1994). Moreover, hydroxyl radical generating systems 
have also been shown to be potentially damaging in the plasmid nicking 
assay as well (Khan et al., 2003). Earlier studies from this lab have also 
demonstrated the relatively higher sensitivity of the polA mutant exposed to 
model water containing heavy metals as well as to industrial waste water 
found to contain heavy metals (Malik and Ahmad, 1995). 
Studies with ROS scavengers further suggested the predominant role 
of the superoxide radical in the GWW induced DNA damage. Moreover, the 
relatively higher sensitivity of the uvrA mutant with GWW directed us to 
suggest the involvement of excision repair in such type of DNA lesions. The 
role of excision repair in superoxide radical induced DNA damage is well 
known (Brazilai and Yamamoto, 2004; Rusyn et al., 2004). 
The relatively high sensitivity of recA mutant towards both the 
samples (Fig 1) vis-a-vis appreciable protective effect of the antioxidant, 
ascorbate as well as hydrogen peroxide scavenger, catalase in case of the 
recA mutant (Figs 4-5), clearly suggests the major role of functional recA 
gene in coping up with oxidative stress. Duwat et al. (1995) have also 
postulated the role of recA' in resistance to oxidative stress involving the 
same ROS. In the present studies, catalase was able to increase the survival 
of all the mutants exposed to both the test samples suggesting the generation 
of H2O2 in the test water systems (Fig 4). Hydrogen peroxide is known to 
increase the lethality of certain DNA repair deficient strains and H2O2 
induced lesions were also suggested to be repaired by iivrA", polA', lexA' 
and recA" genes (De Flora et al., 1984). 
The role of SOS repair in the superoxide induced DNA damage was 
suggested by earlier workers (Brawn and Fridovich, 1985). Our results 
presented in Fig 1 'a ' are consistent with the special role of SOS repair in 
such type of DNA damage since both the SOS defective mutants i.e. recA 
and lexA strains exhibited relatively higher sensitivity in case of GWW. 
Interestingly, the uvrA single mutant as well as the recAuvrA double mutant 
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both were also found to be relatively more sensitive towards GWW. The 
plausible scenario in the present system might be well explained if the 
excision repair is supposed to be under the control of the SOS response of 
the bacterial cell. The role of all these genes is well documented in the error 
prone repair of E.coli induced by various agents (Shingawa, 1996; Keller et 
al., 2001). Earlier studies conducted on the surface waters have also 
supported the role of these genes in the repair of such DNA damage (Malik 
and Ahmad, 1995; Rehana et al., 1995). 
SOD was found to inhibit GWW induced DNA damage (Fig 3) 
indicating the production of the superoxide radical by this sample. The 
plasmid nicking assay (Fig 7 B) also established the role of superoxide in 
GWW induced DNA damage. Since pesticides are the major toxicants 
present in GWW (chapter IV), it may be concluded that they may lead to the 
generation of the superoxide radical, as pesticides are known to produce 
various ROS especially the superoxide radical (Abdollahi et al., 2003; 
2004). Interestingly, the sensitivity of both recA and lexA mutants 
concomitant with superoxide radical generation (Fig 1, chapter VI) in case 
of GWW is consistent with the idea that the superoxide radical is especially 
instrumental in initiating the SOS repair in E.coli. The presence of 
pesticides in substantial amounts (chapter IV) further strengthens the 
contention for a trilateral link of SOS. O2 and pesticides. Brawn and 
Fridovich (1985) have also reported the generation of superoxide by a 
pesticide, paraquat which in turn could induce the SOS response in E.coli. 
The sensitivity of the IcxA mutant towards pesticide induced DNA damage 
has also been established in earlier studies from this lab (Rehana et al., 
1996). 
In \iew of the results obtained in the plasmid nicking assay conducted 
with the test water samples, we can conclude the following: 
1. There was an obvious qualitative and quantitative difference in the 
genotoxicity of AWW and GWW since the dose of water sample as well 
as the nature of ROS scavengers was quite different to bring about the 
similar damage and recovery in the plasmid DNA. 
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FIGURE 1: Survival pattern of E.coli K 12 strains exposed to: 
(a) Ghaziabad water sample (GWW) 
(b) Aligarh water sample (AWW) 
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2. Both the water samples could generate various ROS like H2O2, OH and O2". 
3. The in vitro damage of the plasmid DNA fully supports the findings obtained 
in the in vivo damage and repair of the DNA within the E.coli cells. 
4. The plasmid nicking assay also established beyond any doubt that the 
ROS in our test systems had been generated without any interaction with 
the living organism like bacterial cells. 
5. The plasmid nicking assay was quite effective in detecting, evaluating 
and differentiating the nature of the genotoxicity of the test samples. 
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FIGURE 2: Survival pattern ofE.coIi K 12 strains exposed to: 
(a) Ghaziabad water sample (GWW) 
(b) Aligarh water sample (A WW) in the 
presence of mannitol 
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FIGURE 3: Survival pattern of E.coli K 12 strains exposed to: 
(a) Ghaziabad water sample (GWW) 
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SOD 
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